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Abstract Dopaminergic (DA) neurons of the mammalian
midbrain exhibit unusually low firing frequencies in vitro.
Furthermore, injection of depolarizing current induces
depolarization block before high frequencies are achieved.
The maximum steady and transient rates are about 10 and
20 Hz, respectively, despite the ability of these neurons to
generate bursts at higher frequencies in vivo. We use a
three-compartment model calibrated to reproduce DA
neuron responses to several pharmacological manipulations
to uncover mechanisms of frequency limitation. The model
exhibits a slow oscillatory potential (SOP) dependent on the
interplay between the L-type Ca2+ current and the small
conductance K+ (SK) current that is unmasked by fast Na+

current block. Contrary to previous theoretical work, the
SOP does not pace the steady spiking frequency in our
model. The main currents that determine the spontaneous
firing frequency are the subthreshold L-type Ca2+ and the

A-type K+ currents. The model identifies the channel
densities for the fast Na+ and the delayed rectifier K+

currents as critical parameters limiting the maximal steady
frequency evoked by a depolarizing pulse. We hypothesize
that the low maximal steady frequencies result from a low
safety factor for action potential generation. In the model,
the rate of Ca2+ accumulation in the distal dendrites
controls the transient initial frequency in response to a
depolarizing pulse. Similar results are obtained when the
same model parameters are used in a multi-compartmental
model with a realistic reconstructed morphology, indicating
that the salient contributions of the dendritic architecture
have been captured by the simpler model.
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1 Introduction

Dopaminergic signaling is important in attention, move-
ment and motivation (Carlson 1999), and is hypothesized to
play a prominent role in addictive behavior (Wise 2004)
and other psychiatric (Strange 2001) and neurological
disorders (Bernheimer et al. 1973). The dopaminergic
(DA) neurons in the ventral tegmental area (VTA) and
substantia nigra pars compacta (SNc) have a low irregular
basal firing frequency in the 1–8 Hz range in vivo that can
increase dramatically (>20 Hz) (Grace and Bunney Grace
and Bunney 1984a, b; Hyland et al., 2002) in response to
an unpredicted reward or a cue predicting reward; this
phasic signal, or burst, is hypothesized to reinforce actions
that preceded the reward (Schultz 2002). This correlation
between events at the cellular and behavioral levels
motivates this study.
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DA neurons in vitro fire in a regular, low-frequency
(1–8 Hz) single spiking pattern. This firing frequency has
been assumed to be driven by a subthreshold oscillation (Kang
and Kitai 1993a; Nedergaard et al. 1993; Ping and Shepard
1996; Yung et al 1991) called a slow oscillatory potential
(SOP). Membrane currents responsible for this SOP are an
L-type calcium current that drives the depolarizing phase of
the oscillation and contributes to the accumulation of
intracellular calcium (Chan et al. 2007), whereas an SK-
type calcium-dependent potassium current produces the
repolarizing phase of the oscillation (Nedergaard et al.
1993; Surmeier et al. 2005). Previous modeling approaches
have shown that these currents can support pacemaking
when they are restricted to the soma (Amini et al. 1999;
Komendantov et al. 2004; Canavier and Landry 2006)
however, the L-type channels (Takada et al. 2001) and the
SK channels (Yang and Callaway 2006) are known to be
distributed throughout the neuron, and dendritic Ca2+

oscillations have been documented experimentally (Wilson
and Callaway 2000; Chan et al. 2007). This suggests that
distribution of the oscillatory mechanism could play a role in
defining firing properties of the neuron. The unusual reliance
of the pacemaking mechanism in the SNc on calcium influx
and accumulation has been connected to the vulnerability of
these neurons to stressors leading to Parkinson disease (Chan
et al. 2007). However, the relevance of the SOP and the role
of Ca2+ oscillation has recently been challenged (Guzman et
al 2009; Putzier et al 2009b) suggesting that the role
attributed to the Ca2+ oscillation may need to be revised.

In the case of DA neurons in vitro, in contrast to other
types of neurons, simply applying a depolarizing current to
the soma does not elicit repetitive bursts or even increase
the firing rate to levels observed during burst firing in vivo.
As the level of injected current is increased, a maximum
steady firing rate of about 10 Hz is observed. Further
increases result in the loss of spiking (Richards et al. 1997),
apparently due to inactivation of the spike-generating
sodium current leading to depolarization block. The SK
current is partially responsible for limiting the maximum
observable frequency. Blocking this current only increases
the maximum steady frequency to about 20 Hz, and the
maximum transient frequency to 30 Hz (Shepard and
Bunney 1991), which is still lower than rates observed
during bursts in vivo, and lower than in many other types of
neurons. In this study we sought to identify additional
mechanisms of frequency limitation using a computational
approach based on a DA model neuron.

Previous DA neuron models distributed either the
pacemaking currents (Wilson and Callaway 2000) or the
spiking currents (Komendantov et al 2004; Canavier and
Landry 2006) throughout the soma and dendrites, but in the
present model both types of currents were distributed
throughout the soma and dendrites resulting in a coupled

oscillator model within a single neuron (see also Medvedev
and Kopell 2001; Medvedev et al. 2003, and Kuznetsov et
al. 2006). An important constraint that was imposed on the
model in this study, but not on previous models, was to
reproduce the frequency limitation in response to the
application of a depolarizing current to the soma, both
under control conditions and in the presence of SK
blockers. Using this model we focus on the control of the
firing rate due to the purely intrinsic mechanisms hypoth-
esized to be responsible for limiting the low basal firing
rate, rather than on the synaptic mechanisms that are likely
to contribute to high frequency firing.

2 Methods

2.1 Model description

The model used in this study is based on an existing DA
neuron model (Komendantov et al 2004). The major
modifications were that the pacemaking mechanism com-
prised of the L-type Ca2+ and the SK K+ currents that was
previously located only in the soma was distributed
throughout the soma and dendrites, and the model was
calibrated to fit a wider range of experimental data, among
which was the aforementioned limitation of the frequency
in response to an applied depolarizing current pulse. We
changed the description of the calcium pump to a non-
electrogenic one (Thomas 2009) because the presence of a
persistent inward calcium current (Kang and Kitai 1993b)
contradicts the assumption of an equal efflux of charge via
the calcium pump at equilibrium. We also removed Ca2+

mediated inactivation of the L-type calcium current because
the steady Ca2+ concentration has been shown not to
decline during a voltage clamp step over a course of more
than 10 s (Wilson and Callaway 2000).

All channels and pumps were assumed to be uniformly
distributed in the absence of evidence to the contrary. To
our knowledge only the A-type current has been shown to
be inhomogeneously distributed. Its maximal conductance
in the proximal dendrites was half that at the soma, and the
dendritic inactivation curve was shifted by 5 mV in a
hyperpolarized direction, in agreement with experimental
data (Gentet and Williams 2007) from somatic nucleated
patches or outside-out patches excised from the soma or
dendrites. Since the voltage dependence and kinetics of the
A-type current recorded at the soma vary between different
studies (Silva et al. 1990; Liss et al. 2001; Kullmann et al.
2004; Koyama and Appel 2006; Gentet and Williams 2007;
Segev and Korngreen 2007), we fixed the ratio of the
maximal conductances and the shift of the inactivation
function for the dendritic and somatic A-type current in our
model, and adjusted the absolute values of the parameters
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associated with this current within the experimentally
observed ranges to best reproduce the known effects of
blocking and augmenting this current.

The symmetric schematic model shown in Fig. 1(a),
adapted from Komendantov et al. 2004, had thirteen
compartments, including one somatic, four proximal dendritic,
and eight distal dendritic compartments. As in previous
implementations, only one compartment in each category
was integrated due to the assumed symmetry, and the coupling
currents were scaled appropriately resulting effectively in a
three-compartment model as shown in Fig. 1(b).

In order to verify that the schematic model captured
salient features of the dendritic architecture of a real DA
neuron, the model parameters established for this model
were applied to a multi-compartmental model that was
based on the reconstructed morphology of an actual SNc
DA neuron (see Fig. 1(c)). It consisted of a total of 41
compartments, including three somatic, four proximal
dendritic and thirty-four distal dendritic compartments. A
NEURON (Hines and Carnevale 1997) rendering of this
multi-compartmental model is shown in Fig. 1(d). The
morphology description (Vetter et al. 2001) was obtained
from the file labeled Nigra2a955-1 at NeuroMorpho.Org
(Ascoli 2006). It consists of 3 somatic and 38 dendritic
compartments. The distinction between proximal and distal
dendrites is described in the NEURON file dopaminergic.

hoc. Here proximal dendrites comprised the compartments
3–5, 12, 17, 26 and 31–33 and distal dendrites the
compartments 1, 2, 6–11, 13–16, 18–25, 27–30 and 34–
37. This and other NEURON files used here will be
available at http://senselab.med.yale.edu/modeldb.

Computer simulations using the schematic model were
performed using code written in C, whereas the multi-
compartmental model based on the morphological recon-
struction was implemented in NEURON. The NEURON
parameter nseg determines the spatial grid resolution in
each compartment. Setting nseg=1 for each of the 41
compartments produced results that were indistinguishable
from those obtained by automatically adjusting the spatial
grid for a conservative parameter setting of d_lambda=0.1
and a length constant computed at 100 Hz (for details see
Hines and Carnevale 2001). A complete list of equations
and model parameters is given in the APPENDIX.

3 Results

3.1 Spontaneous frequency and its modulation by simulated
pharmacological treatments

As mentioned in the METHODS section, model parameters
of the schematic DA neuron model (Fig. 1(a)) were
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Fig. 1 DA neuron model. (a)
Symmetric schematic DA neu-
ron model used in this study
consisting of one soma, four
proximal and eight distal den-
dritic compartments. (b) Sym-
metry considerations reduce the
13 compartment model to an
effective three compartment. (c)
DA neuron reconstructed mor-
phology (Vetter et al. 2001). (d)
Multi-compartmental real mor-
phological model as rendered by
NEURON
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calibrated to reproduce several features of dopaminergic
neurons under different pharmacological manipulations.
The left panels of Fig. 2 show results of simulations
performed using the schematic DA model and the right
panels those obtained from the multi-compartmental model
with realistic morphology (Fig. 1(d)). All model results are
robust whether a stylized schematic model or a model based
on a digital reconstruction of a dopaminergic neuron is
utilized, indicating that the schematic DA model captured
the salient features of the effects of the dendrites on the
electrophysiology of dopamine neurons without incorporat-
ing the fine details of the dendritic tree. Therefore we use
the schematic model to probe the underlying mechanisms.
Modeling studies in other neurons have also demonstrated
results that are robust to variability in morphology within
certain constraints (Komendantov and Ascoli 2009).

Both models reproduce the slow spontaneous firing rate
under control conditions (Fig. 2a1 and a2) at about 2 Hz,

which is in the range of 1.4 to 5.8 Hz reported by Ping and
Shepard 1996. Also, in accordance with experimental data
(Wolfart et al. 2001), simulated block of the SK current
(Fig. 2b1 and b2) increased the firing frequency. The
simulated block of the A-current doubled the steady
frequency (Fig. 2c1 and c2), consistent with experiments
showing that the A-type potassium current blocker
heteropodatoxin-3 HpTx3 causes more than a two-fold
increase in pacemaking frequency (Liss et al. 2001; Hahn et
al. 2003; 2006). An overall 28% increase in the conduc-
tance of this current (e.g. in the soma this amounts
approximately to a change from 570 to 730 µA/cm2)
decreased the spontaneous frequency (Fig. 2d1 and d2),
consistent with the observed effects of the potentiation of
the A-type current by haloperidol treatments (Hahn et al.
2003) or of the injection of a virtual A-type current using
the dynamic clamp (Hahn et al. 2006; Putzier et al. 2009a).
In the schematic DA model, the A-type current has a
“window” in the subthreshold membrane potential regime
in which there is a steady component that is activated and not
inactivated. The A current affects the spontaneous frequency
mainly via this hyperpolarizing current that is active during
the interspike interval. Finally the simulated blockade of the
fast sodium and delayed rectifier currents, respectively,
blocked spiking and revealed subthreshold oscillatory
potentials (SOP) (Fig. 2e1 and e2) at a steady frequency
similar to that observed for spontaneous spiking, consistent
with experimental observations (Ping and Shepard 1996).
Similarly, simulated block of the fast sodium current only
resulted in subthreshold oscillations with a smaller ampli-
tude (Fig. 2f1 and f2), also consistent with experimental
observations (Nedergaard et al. 1993; Yung et al. 1991).

As observed in Fig. 2 the schematic model reproduces
the responses of DA neurons to these pharmacological
manipulations and these results appear indistinguishable
from those obtained from a model with a more realistic
dendritic architecture. Therefore, in the remainder of this
paper all results presented correspond to simulations
obtained using the easier to analyze schematic DA model
(Fig. 1(a)), which will now be referred to simply as the DA
neuron model.

3.2 Membrane currents during spontaneous spiking
of DA neurons

Figure 3 shows an analysis of the total somatic current
during the inter-spike interval (ISI) of the spontaneously
spiking DA neuron model. Panel C shows the contributions
from different membrane currents between two spikes, i.e.
from the trough of the membrane potential after the first
spike to a value around −50 mV prior to the initiation of the
next spike as shown in panel A. The main contributions to
the total somatic current (ISoma, solid black line) arise from

(a1) Control,schematic

(b1) gSK = 0

-40 mV

20
 m

V

1 s 1 s

(a2) Control, reconstructed

(b2) gSK = 0

(c1) gKA = 0 (c2) gKA = 0

(f1) gNa = 0 (f2) gNa = 0

(d1) gKA increased (d2) gKA increased

(e1) gNa = 0, gKV = 0 (e2) gNa = 0, gKV = 0

20
 m

V

Fig. 2 Simulated responses to pharmacological treatments. Simulated
response of DA neurons to various pharmacological manipulations
using models with either a schematic (left column) or a reconstructed
realistic morphology (right column). (a) Control; (b) Simulated SK
current block; (c) Simulated A-type current block; (d) Simulated
potentiation of the A-type current that mimics haloperidol treatment or
virtual conductance injection; (e) Simulated blockade of the sodium
and the delayed rectifier currents; (f) Simulated blockade of the
sodium current only
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the leak (IL), the nearly constant electrogenic sodium pump
current (INaP), the A-type potassium current (IKA), the L-
type Ca2+ current (ICa,L) and the electrotonic flow of current
from the dendrites (ISP). Note that ISP is inward during most
of the ISI, which indicates that the contribution of the
dendritic SK current during most of the ISI is negligible;
instead the dendrites have a depolarizing effect on the soma
in the model because of the lower channel density of A-
type current in the dendrites compared to the soma. The
total contribution from the five currents shown (dotted line)
is practically indistinguishable from the total somatic
current (solid line), demonstrating that the flow of current
through other channels, e.g. somatic SK current, is
negligible. The resultant net current is of the order of 0.5
pA during much of the ISI, in agreement with experimental
observations (Fig. 2(b) in Khaliq and Bean 2008). Increas-
ing or decreasing the A-current directly decreases or
increases the frequency because it is one of the largest
currents active during the ISI in spontaneous firing under
control conditions. For example, blocking this conductance
(Fig. 2c1 and c2) increases the rate of depolarization which
shortens the ISI, whereas increasing this conductance
(Fig. 2d1 and d2), decreases the rate of depolarization
which lengthens the ISI. When a depolarizing current is
applied (see below) the A-type current inactivates, reducing
its effect in determining the frequency response.

In contrast, blocking the SK current (Fig. 2b1 and b2)
increases the frequency dramatically via an indirect
mechanism. The mechanism is indirect because, in agree-

ment with Fig. 4(a) of Ping and Shepard 1996, the SK
current is not active during most of the ISI, but only
immediately after an action potential. Figure 3(d) shows the
active currents during the hyperpolarizing phase of the after-
hyperpolarization (AHP) shown in panel B. The solid curve
gives the total somatic current as before, but the dotted curve
now includes a contribution from a sixth current, IKV, the
delayed rectifier. In contrast to panel C, ISP is outward
during the AHP because the dendritic SK current dominates
during this phase. The AHP has an early outward
contribution from IKV. There is only a negligible contribu-
tion to the total current from the somatic SK channels.

Figure 4 reveals the indirect mechanism of blocking the
SK current in the model in terms of the contributions of the
membrane currents during the ISI of spontaneously spiking
DA neurons. When the SK current is blocked, the AHP is
dramatically reduced. Only the early component of the
AHP due to IKV remains. Consequently, the L-type channel
current never drops below 2 pA. In contrast, under control
conditions, the L-type calcium current is deactivated very
effectively in the model by the AHP that result from
activation of the dendritic SK current, causing the net
current in the model to be less than a picoamp for a large
fraction of the interspike interval. The L-type calcium
current remains active when the SK channel conductance is
set to zero resulting in a faster frequency (Fig. 2b1 and b2)
compared to control. The effect of SK blockage might be
overstated in the model since it relies on the L-type calcium
channel alone as the pacemaking current, whereas other
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Fig. 3 Currents contributing to
AHP and ISI duration. (a) and
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potential during spontaneous
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lyzed bellow. (c) and (d) show
most important currents that
contribute to the total somatic
current acting during the time
intervals of the ISI indicated in
panels A and B. Labeling: IKA,
hyperpolarization activated K+

current; INaP, electrogenic Na+

pump; ICa,L, Ca
2+ L-type chan-

nel current, ISP dendritic current;
IL, leak current; ISoma, net con-
tribution from IKA, INaP, ICa,L,
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current is indicated by solid
curve. In this and subsequent
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calcium and possibly sodium currents likely contribute.
Bursting responses and an increase in irregularity have also
been reported (Shepard and Bunney 1991; Ping and
Shepard 1996) in response to the application of apamin,
but these phenomena are not addressed here.

3.3 Maximum frequency and its modulation by SK block

Figure 5 compares the transient and sustained responses of
the schematic model (gray symbols) to simulated applica-
tion of a square pulse of increasing levels of depolarizing
current with the experimental data (indicated by black
symbols) recorded from dopamine neurons in vitro under
control conditions (Richards et al. 1997, circles) and in the
presence of 1 μM apamin (Shepard and Bunney 1991,
squares). Apamin blocks the SK channel and its effects
were simulated by setting gSK to zero. The pulses in these
experiments were of 500 ms duration, for the control
condition and 800 ms in the simulated SK block condition.
Results from simulations correspond to the actual steady-
state frequency which is within 0.5 Hz of the values
observed at 500 and 800 ms after current pulse onset. Panel
A shows the steady, sustained firing rate for the control case

which peaks at about 10 Hz for the DA neuron model and
is in good agreement with the 10 Hz observed in the
experimental data. In both the model and the data from the
literature, blocking the SK current increased the maximum
observed frequency to about 15 Hz (Shepard and Bunney
1991, but see also Wolfart et al 2002). For the control case,
no results are plotted above a stimulus current of 400 pA
because both the real neuron and the DA neuron model
enter a state of depolarization block in this range. The most
striking effect of SK block in the model was that spiking
could no longer be sustained for injected currents in excess
of 100 pA, in contrast to the control case in which this limit
was greater than 400 pA.

In Fig. 5(b) a comparison is made between the transient
responses obtained from the DA neuron model and the
corresponding experimental measurements. The maximum
transient frequency (the inverse of the ISI) was always
observed for the first pair of spikes after stimulus onset,
which under control conditions did not exceed about 22 Hz
for the experimental data, but reaches somewhat higher
values (up to 30 Hz) for the DA neuron model. On the other
hand, the transient response of the model (27 Hz) was
slightly slower than indicated by the data under SK block
(35 Hz). The experimental data shown in Fig. 5 exhibits
more frequency adaptation than the model in the presence
of SK block, possibly indicating the contribution of an
unmodeled process. The response of the model based on
the digital reconstruction was very similar to that of the
schematic model (not shown) for all cases shown in Fig. 5.

Figure 6 illustrates how the model neuron enters
depolarization block. Panel A shows two somatic mem-
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brane voltage traces, simulated using the DA neuron model
for two values of injected current: 100 pA (solid line) and 500
pA (dashed line). In the latter case the neuron enters a state of
depolarization block as not enough Na+ current inactivation
can be removed in subsequent cycles after the stimulus
current is turned on (indicated by the thick black line). Panel
B shows the inactivation level of the Na+ current plotted as a
function of time for the two stimulus currents. Note that
during spontaneous activity (first two spikes prior to stimulus

onset) inactivation is almost fully removed after each spike
(h approx. 0.9). However, when the current is turned on the
DA neuron becomes more depolarized during the interspike
interval (ISI) reducing the ability of the AHP to effectively
remove inactivation. For a depolarizing current of 500 pA
the removal of inactivation by the induced spikes is very
weak leading to a state of depolarization block.

Figure 7 shows why DA neurons enter into depolariza-
tion block at lower applied currents when the SK channels
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are blocked. Specifically, Fig. 7 shows that the dendritic SK
current, manifested at the soma as a component of ISP, tends
to offset the depolarizing effect of the applied current. This
is illustrated here for the response to a square pulse of 150
pA under control conditions (solid line) and under
simulated SK block (dashed line). Panel A shows the
membrane voltage traces that have been aligned at the onset
of the injected current (thick solid line). Panel B shows the
dendritic current (ISP) as a function of time that correspond
to the traces in panel A. In the control case (solid line) the
evoked dendritic current offsets the applied current (Istim,
dotted line) during the ISI, particularly after each spike.
These two currents have an opposite sign convention in the
model, so if they are equal they cancel each other out.
However, when the SK current is blocked (gSK=0),
dendritic current flowing to the soma decreases (dashed
line) causing an increase in the level of depolarization,
which makes the removal of Na+ current inactivation less
effective. The difference between the solid and dashed lines
reflects the contribution of dendritic SK. The more effective
AHP and consequent removal of inactivation of the sodium
current when the SK current is present explains why
depolarization block occurs only for applied currents
greater than 400 pA under control conditions in Fig. 5(a)
and for much smaller applied currents (above 100 pA)
when the SK current is blocked. The contribution of the
dendritic SK current via ISP during the interspike interval in
the presence of applied current is in contrast to the lack of
contribution of this current during the ISI during spontane-
ous firing with no applied current (Fig. 3). Although there
is also an increase in the somatic SK current, it is
approximately 10 times smaller than the corresponding Isp
(not shown), and thus has a smaller effect on the
spontaneous firing. Moreover the somatic SK current
increases gradually as the somatic Ca2+ concentration
increases while the effect of dendritic SK is almost
instantaneous with the onset of the applied current. Other
subthreshold currents can also affect the firing frequency
and entry point into depolarization block. For example,
increasing the conductance of the L-type Ca2+ current
decreases the minimum current (Iapp,min ) required to induce
depolarization block. Moreover, we have found that
delayed deactivation of the current narrows the spiking
range very effectively in agreement with experimental
evidence supporting slow deactivation of the L-type Ca2+

current in these neurons (Ping and Shepard 1999). This
current is modeled with a time constant of up to 18 ms in
the subthreshold voltage range, which declines to 0.3 ms at
more depolarized potentials. As a result, the Ca2+ current
peaks immediately after a spike, and effectively opposes the
ability of the AHP complex to remove inactivation of the
sodium current. If the time constant of activation (and
therefore deactivation) is increased, the minimum applied

current required to induce depolarization block (Iappl,min)
decreases. Therefore, the L-type Ca2+ current strongly affects
the spiking range in the model. On the other hand, the A-
type K+ current in the model has a negligible effect on the
range of depolarizing currents that support spiking and
therefore a negligible effect on the maximum observed
frequency (not shown). This is because depolarization
inactivates this current, nullifying its effect on the firing rate.

3.4 Control of the maximum frequency by the spiking
currents

The control of the maximum firing rate by the conductance
densities of the principal currents responsible for spiking is
illustrated in Fig. 8. Panel A shows that as the value of
the Na+ conductance is doubled from its control value of
550 µS/cm2 (black circles) to 1100 µS/cm2 (gray squares),
little change is observed in the spontaneous firing rate or in
the firing rate at any level of depolarizing current injection
that previously supported spiking. On the other hand, at an
applied current of 500 pA that previously led to depolar-
ization block, spiking is now supported at a higher
maximum frequency than before. This trend continues
when Na+ conductance is doubled again to 2200 µS/cm2

(white diamonds). Thus, in this parameter range, the only
effect of increasing the sodium current density is to rescue
the model from depolarization block at the most depolar-
ized values of current injection and thereby to increase the
maximum frequency achieved before entering depolariza-
tion block. Increasing sodium conductance in this regime
does not affect spike frequency at a given level of current,
but rather only affects whether spiking can be sustained or
not. The minimum sodium conductance that enables
spontaneous repetitive spiking as opposed to just the SOP
is about 200 μS/cm2. The ratio between the actual
conductance used in the model and this minimum conduc-
tance is 2.75 and is defined as the safety factor in this
context. We hypothesize that the safety factor is low in
dopamine neurons compared to other types of neurons that
can be made to fire repetitively at faster rates.

Depolarization block results when insufficient sodium
channel inactivation is removed after one spike to allow the
initiation of the next spike, and the level of inactivation
increases with increasing depolarization (see Fig. 6). Any
manipulation that increases the residual sodium current
after an action potential should have the same effect
illustrated in Fig. 8(a), that is, to allow spiking at more
depolarized levels, and therefore to increase the maximum
observable spiking rate. Figure 8(b) illustrates that this is
indeed the case. Doubling the delayed rectifier conduc-
tance from its control value of 665 µS/cm2 (black circles)
to 1330 µS/cm2 (gray squares ) results in only minor changes
to the frequency/current curve below the threshold for
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depolarization block at the lower conductance value. Above
the threshold, this manipulation effectively extends the
spiking range (the range of applied currents where repetitive
spiking persists) because a deeper and longer after-
hyperpolarization removes more inactivation of the sodium
current, thereby again increasing the maximum observable
firing frequency. Tripling the conductance (white diamonds)
continues this trend. Increasing the time constant for the
deactivation of the delayed rectifier has a similar effect (not
shown) because it also promotes recovery of the sodium
current from inactivation after a spike.

A characteristic feature of the sodium spikes produced
by DA neurons is their large half-width duration greater
than 2 ms (Blythe et al. 2007). The duration of the spike
obtained in our simulations is approximately 3 ms. The
weak spike-producing currents required to restrict the
spiking range in the model also resulted in very wide
spikes. The low safety factor for spike generation may be
responsible for both distinctive attributes: the low maxi-
mum frequency and the wide spikes. The model produces
an action potential under control conditions with an
amplitude of about 75 mV, similar to that reported by
Richards et al.1997, the study that was used to calibrate the
entry of the model into depolarization block.

3.5 Maximum transient frequency depends on the phase
of the pacemaker at pulse onset

In experiments, the maximum transient frequency observed
during a pulse of applied current was 32 Hz under apamin
(Shepard and Bunney 1991) and 22 Hz in control (Richards

et al. 1997). Figure 5 shows that our simulations can
reproduce these observed transient frequencies. However,
Fig. 9 shows that there is considerable variability in the
maximum transient frequency depending upon exactly where
in the cycle the depolarizing current pulse is turned on. Panel A
shows the somatic membrane potential trace during spontane-
ous activity and panel B shows the Ca2+ oscillation occurring
in the soma (solid line), proximal dendrites (dashed line) and
distal dendrites (dot-dashed line). Time zero corresponds to
the peak of the last spike prior to the onset of the stimulus
current. Panel C shows the initial instantaneous firing rate
under control conditions (plus signs) as a function of the onset
of a 300 pA current pulse relative to the time of the last spike,
showing the dependence on the phase of the Ca2+ oscillation.
Under control conditions (plus sign) higher transient frequen-
cies near 25 Hz are observed when the pulse is initiated near
the minimum of the Ca2+ oscillation (300 ms) compared to
about 10 Hz observed near the maximum which occurs 10 ms
after the spike peak. The lower the calcium concentration in
the distal dendrites at the time of pulse onset, the faster the
transient frequency because the contribution from distal
dendritic SK requires some elapsed time to reach its steady
value in the presence of applied current (see Fig. 7(b)).

In the control parameter set, the fraction of free Ca2+ (fCa)
was set to 0.05 for all compartments. Ca2+ buffering is not
modeled explicitly, but increasing the buffer concentration
would slow the rate of change of free Ca2+ in the cytosol and
can be approximated in the model by decreasing fCa. By
selective adjusting fCa in some or all compartments, we can
prove that the distal dendrites dominate the determination of
the transient frequency. As shown in Fig. 9(c), decreasing fCa
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in the distal dendrites alone (fCa,D=0.02) which is indicated
by open triangles, has almost the same effect as changing it
everywhere (fCa=0.02) indicated by the asterisks. The only
exception is that the first two measurements after the spike
peak show some contribution from calcium accumulation in
the soma and proximal dendrites. Similarly, decreasing fCa in
the soma (open circles) or proximal dendrites (open squares)
alone only differs from control (plus signs) for the first two
or three points after the spike peak.

3.6 Sustained spiking frequency is not paced by the slow
oscillatory potential (SOP)

Figure 10 plots the sustained spiking frequency under control
conditions versus the SOP frequency observed after setting
gNa to zero for various levels of injected current and for
different Ca2+ buffering conditions. The idea was to use
variations in these two critical parameters to simulate the
variability in electrophysiological and biophysical properties
that would normally be encountered in a population of
dopamine neurons. This was necessary in order to compare
model results to experimental data (Guzman et al 2009) from
a number of different neurons. As the stimulus current is
increased from 0 to 300 pA, the sustained spiking frequency

increases in accordance with the results shown in Fig. 5 (see
caption for figure description). There is no apparent
correlation between the SOP and spiking frequencies of the
DA neuron model clearly showing that the SOP does not
pace the steady spiking. The spikes reset the phase of the
Ca2+ oscillation such that the maximum occurs right after a
spike as shown in panels A and B of Fig. 9. These finding are
consistent with recent data (Guzman et al. 2009) that showed
no correlation between the SOP and spike frequencies across
a population of dopamine neurons. Furthermore, a reduction
in the fraction of free Ca2+ in all model compartments from a
value of 0.05 in control (data points indicated with a plus
sign) to 0.02, causes a slight increase in the spontaneous
firing rate (black circles). This shift in firing rate is consistent
with results in Guzman et al. 2009 showing a shortening of
the interspike interval after the application of BAPTA (cf.
Fig. 3(c) in that publication), after a delay during which the
BAPTA presumably diffused into the dendrites.

4 Discussion

The main results of this study can be summarized as
follows: (1) the responses of the schematic model shown in

0

V
s (

m
V

)

0
50

100
150
200
250

[C
a2+

] (
nM

)

 

 

0 100 200 300 400 500 600 700
0

10

20

30

Time (ms)

Fr
eq

. (
H

z)

 

 

soma
prox. dend.
dist.dend.

Control
f
Ca,S

 = 0.02

f
Ca,P

 = 0.02

f
Ca,D

 = 0.02

f
Ca

 = 0.02

(a)

(b)

(c)

Fig. 9 Dependence of the transient frequency on the phase of
dendritic Ca2+ oscillation at pulse onset. (a) Somatic membrane
potential trace from schematic DA neuron model corresponding to
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to coincide with time of action potential (vertical dotted line) prior to
the onset of stimulus current. (b) Ca2+ oscillation in the soma (solid),
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simultaneously with voltage trace shown in A. (c) Transient frequency
response computed from first spike pair, evoked by simulated

injection of a 300 pA stimulus current which is turned on at different
times after the occurrence of action potential at 0 s. Results
corresponding to control conditions are indicated by a plus sign; open
symbols correspond to the transient frequency response obtained when
the fraction of free Ca2+ (fCa) decreases from its control value of 0.05
to 0.02 in either soma (circle), proximal dendrites (square) or distal
dendrites (triangle); results indicted with an asterisk correspond to the
case when the decrease in free Ca2+ occurs in all compartments
simultaneously
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Fig. 1(a) are nearly identical to those of a model based
on a digital reconstruction of a DA neuron suggesting
that the reduced model captures the salient effects of
the dendrites without incorporating all of the details of
the dendritic architecture; (2) the dominant somatic
currents during the ISI of spontaneous spiking are: the
leak, the electrogenic Na+ pump, the A-type K+, the L-
type Ca2+ and the depolarizing electrotonic contribution
from the dendrites due to their lower A current density;
furthermore, the somatic SK current is negligible while
dendritic SK contributions dominate during the AHP; (3)
blocking SK channels increases the spontaneous spiking
frequency by decreasing the deinactivation of the L-type
current by the AHP, which keeps it more active than in
the control case; (4) depolarization block results from a
low safety factor for action potential generation; (5)
dendritic SK current offsets the depolarizing effects of a
current applied to the soma allowing spiking to continue,
avoiding depolarization block; (6) the SOP does not
pace the sustained spiking frequency; and (7) high
frequency transients observed after depolarization ap-
plied to the soma depend on the phase of Ca2+

oscillations and the rate of Ca2+ accumulation, mostly in
the distal dendrites.

5 Why DA Neurons cannot achieve fast steady rates
in response to somatic depolarization

The hypothesis proposed here is that the safety factor is low
in dopamine neurons compared to other types of neurons
that can be made to fire repetitively at faster rates, causing
inadequate removal of sodium activation at fast rates that
leads to depolarization block. The sodium channel density
on the soma and dendrites of CA1 pyramidal neurons, for
example, is 3000–6000 µS/cm2 (Magee and Johnston
1995), similar to what was proposed in earlier models
(Komendantov et al. 2004; Canavier and Landry 2006), but
much greater than the channel density required to obtain a
maximum firing rate in the model that agrees with
experimental data (see Fig. 3(a), about 550 µS/cm2). The
sodium current observed at the soma in the model peaks at
4.5 nA under simulated voltage clamp at−20 mV; the peak
sodium current observed experimentally occurs in the same
voltage range (−22.0±2.7 mV, Ogata and Tatebayashi
1992), but the peak value observed experimentally is only
1.2–1.5 nA (Ogata and Tatebayashi 1992; Chiodo and
Kapatos 1992; Chan et al. 2007), consistent with a sodium
current that is even weaker in dopamine neurons than in our
model. In addition, L-type Ca2+ current in our model
effectively opposes the after-hyperpolarizing complex that
removes inactivation of sodium channels, contributing to
the low safety factor of action potential generation. This
proposed hypothesis can be tested by adding a virtual
sodium conductance, via the dynamic clamp, to a DA
neuron in vitro. This addition should leave the spontaneous
frequency unaltered but increase the maximum frequencies
that can be observed at values of applied depolarizing
current that would otherwise produce depolarization block
(see Fig. 8). Other explanations for the cessation of firing
observed in response to a depolarizing current are possible,
such as the recruitment of an adapting current, but less
likely since such a current has not been identified despite
intensive scrutiny of these cells.

Another possible explanation for the low maximum
steady frequencies exhibited in response to depolarization
in vitro involves the role of slow Ca2+ oscillations that is
assumed to underlie pacemaking in this cells (Medvedev
and Kopell 2001; Medvedev et al. 2003; Wilson and
Callaway 2000). Here, the slower frequency of the Ca2+-
driven slow oscillatory potentials (SOP) in the soma and
proximate dendrites determines the maximum frequencies
observed in vitro, but can be circumvented in vivo if the
influence of the SOP in the smaller, faster dendritic
compartments is augmented by the activation of distal
dendritic NMDA receptors (Kuznetsov et al. 2006). This
oscillation was thought to be much more crucial to the
maintenance of pacemaking in the substantia nigra par
compacta (SNc) compared to the ventral tegmental area
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(VTA), and more crucial to the maintenance of pacemaking in
the SNc from adult rats compared to juvenile rats (Chan et al.
2007). Nevertheless, this mechanism does not account for the
persistence of the frequency limitation when SK channel
blockers remove the influence of the oscillation in Ca2+

(Shepard and Bunney 1991) on the firing pattern in the SNc.
Contrary to the previous role assigned to this oscillation, there
is now experimental evidence showing that the frequency of
the slow oscillatory potential is not correlated with the
spiking frequency during spontaneous activity (Guzman et
al. 2009), which agrees with the results in Fig. 10. We
hypothesize that the critical features that led to the dissoci-
ation of SOP frequency and spiking frequency in both the
schematic and more morphologically realistic models include
the large ratio of dendritic membrane area to somatic
membrane area and the effectively strong coupling between
all compartments. These features grant the dendrites a large
influence on the DA neuron model dynamics, as is seen in
the dominant role of the Ca2+ dynamics in the distal dendrites
(Fig. 9c) in determining the maximum transient frequencies
observed. As is illustrated in Figs. 3, 4, 7 and 9 the role of the
dendrites is more complex than that suggested in Wilson and
Callaway 2000 and Kuznetsov et al. 2006.

Additional support for the role of a low safety factor is
provided by the observation that in the model, the sodium
conductance had to be relatively weak to produce a low
maximum firing frequency, which further implied that the
opposing potassium conductances were relatively weak and
slow. This combination led to wider action potentials, thus
broad action potentials and low maximum frequencies that
can be evoked by depolarization have a common cause in the
model. Broad action potentials are characteristic of dopamine
neurons, along with other neurons that secrete modulatory
transmitters (Bean 2007). The width of an action potential in
the dopamine neuron can be 4 ms, compared to 0.180 ms in
a cerebellar Purkinje neuron or 0.810 ms in a hippocampal
CA1 neuron. Bean 2007 attributed the difference in action
potential width to the size and speed of repolarizing potassium
currents. A general inverse correlation between firing fre-
quency and action potential width was noted. In this study, we
found that the distinctive properties of the DA neuron, namely,
low steady and maximum firing frequencies, broad action
potentials, and the unusual reliance on subthreshold depolar-
ization by Ca2+ channels (which opposes the AHP) are all
correlated with a low safety factor for action potential
generation.

6 How dopamine neurons produce fast transient firing
rates in vivo

The issue of whether a separate mechanism is required for
burst firing compared to single spike firing is somewhat

controversial. In our models, the observed transient fre-
quencies are sufficient to produce a classically defined burst
(Grace and Bunney 1984a, b) with an interspike interval
less than 80 ms. These bursts do not require sustained
firing, so the limitation of the model to steady pacemaking
rates of 10 Hz does not preclude burst firing. The simplest
mechanism for bursting is that sufficiently fast transients
can be produced simply by depolarization. Blythe et al.
2009, obtained transient rates of 35 Hz in rodent slice
preparations by applying depolarizing current pulses to the
soma, and argue that no additional mechanism is required
for burst production. Frequencies higher than 35 Hz have
been observed in unanaesthetized rats (Hyland et al 2002)
and monkeys (Schultz 2002) in vivo. Simply depolarizing
the cell cannot elevate firing rates to this level, which
suggests an additional mechanism is required; one possi-
blity is that the voltage dependence of ion channels coupled
to synaptic receptors may be crucial in supporting very high
transient firing rates. A role for NMDA receptors in
eliciting the faster frequencies observed in bursts is
supported by the observation that the selective genetic
inactivation of NMDA receptors in dopamine neurons
(Zweifel et al. 2009) significantly impaired burst firing in
freely moving mice. Furthermore, the addition of a virtual
NMDA current at the soma is sufficient to induce firing
rates observed during burst firing (Deister et al. 2009), so
despite an earlier hypothesis that distal dendritic oscilla-
tions augmented by activation of distal NMDA receptors
were critical for burst production (Kuznetsov et al 2006), a
consensus seems to be emerging that changes in the
intrinsic frequency of dendritic oscillations are not critical
to the production of fast frequencies in dopamine neurons
under somatic depolarization.

Our results support this new interpretation and suggest
that changes in the basal level of [Ca2+] in distal dendrites,
rather than changes in intrinsic frequency, have a significant
effect in the transient frequency response which could
contribute to the bursting mechanism. In other words, an
afferent excitatory input is predicted to evoke a lower
frequency transient if it is received shortly after an action
potential than if it is received after the AHP has dissipated
(see Fig. 9(c)). This predicted mechanism can only partially
account for the elevation in transient firing rates observed
during episodes of burst firing in vivo. Further studies are
required to incorporate the effects of synaptic currents on
burst firing. In view of our results on the mechanisms of
frequency limitation showing that somatic current stimula-
tion can produce transient firing rates that exceed the 10 Hz
limitation for steady rates, but cannot produce rates greater
than 35 Hz such as those observed transiently in vivo
combined with experimental results presented by Zweifel et
al. 2009 showing that selective genetic NMDAR inactiva-
tion impairs burst firing, it seems likely that burst signaling
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to downstream neurons requires the activation of NMDA
receptors to enable the DA neuron to respond with
sufficiently high transient frequencies.
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Appendix

In the following equations the subscript “i” indicates a
nonspecific compartment, whereas the subscripts “d”, “p”,
and “s” indicate distal dendritic compartment, proximal
dendritic compartment and somatic compartment respec-
tively. All compartments are considered cylindrical in shape
with diameter and length given by di and Li, respectively.

Equations governing membrane potential in each
compartment:

�Cm dVd=dtð Þ ¼ INa;d þ IKA;d þ IKV;d þ ISK;d þ INaP;d
þICa;L;d þ ICaP;d þ IL;d þ Idp

�Cm dVp

�
dt

� � ¼ INa;p þ IKA;p þ IKV;p þ ISK;p þ INaP;p
þ ICa;L;p þ ICaP;p þ IL;p þ Ipd þ Ips

�Cm dVs=dtð Þ ¼ INa;s þ IKA;s þ IKV;s þ ISK;s þ INaP;s
þ ICa;L;s þ ICaP;s þ IL;s þ Isp � Istim

Here Istim is the stimulus current applied to the soma.
Linear leakage current:

IL;i ¼ IL;Na;i þ IL:K;i þ IL;Ca;I

where

IL;K;i ¼ gL;K;i Vi�EKð Þ; IL;Na;i ¼ gL;Na;i Vi�ENa;i

� �
;

IL;Ca;i ¼ gL;Ca;i Vi�Ecað Þ;
ENa;i ¼ RT=Fð Þ ln Na½ �out

.
Na½ �in;i

� �

Sodium pump current:

INaP;i ¼ INaP;max;i

�
1þ Km;Na

�
Na½ �

in;i

� �1:5
� 	

Sodium balance:

d Na½ �in;d
.
dt ¼ 4� fd �INa;d � IL;Na;d � 3INaP;d

� ��
ddFð Þ

d Na½ �in;p
.
dt ¼ 4� fp �INa;p � IL;Na;p � 3INaP;p

� ��
dpF
� �

d Na½ �in;s
.
dt ¼ 4� fs �INa;s � IL;Na;s � 3INaP;s

� ��
dsFð Þ

Calcium pump current:

ICaP;i ¼ ICaP;max Ca2þ

 �

in;i

.
Ca2þ

 �

in;i þ Km;CaP

� �

Calcium Balance:

d Ca2þ

 �

in;i

.
dt ¼ 2� fCa ICa;L;i þ ICaP;i þ IL;Ca;i

� ��
diFð Þ

Fast sodium current:

INa;i ¼ gNa;im
3
ihi Vi � ENa;i

� �

dmi=dt ¼ 1
�

1þ exp Vhalf ;m;i � Vi

� ��
6:0


 �� 
�mi


 ��
tm

dhi
�
dt ¼ 1

�
1þ exp Vhalf ;h;i � Vi

� ��
7:8


 �� 
� hi
� ��

th

tm ¼ 1:0= 1þ exp Vi þ 45:0ð Þ=1:5½ �f g
� 1:0= 1þ exp Vi þ 65ð Þ=0:5½ �f g þ 0:04

th ¼ 168:0= 1þ exp Vi þ 29ð Þ=4:5½ �f g
� 168:0= 1þ exp Vi þ 49ð Þ=2:0½ �ð Þf g þ 2:0

Calcium current:

ICa;L;i ¼ gCa;LdL;i Vi�ECað Þ
ddL;i

�
dt ¼ 1

�
1þ exp � Vi þ 45:0ð Þ=0:5½ �f g � dL;i

� ��
tdL

tdL ¼ tCa exp � Vi þ 70:0ð Þ2
.
625

h i
þ 0:3

Delayed rectifier current:

IKV;i ¼ gKV;in
3
i Vi�EKð Þ

dni=dt¼ 1= 1þ exp �25:0�ViÞ=12:0ð½ �f g � nið Þ=tn
tn¼tKv= 1þ exp Viþ39:0ð Þ=8:0�½ gþ1:0f

Transient outward potassium current:

IKA;i ¼ gKA;ip
3
i qi Vi � EKð Þ

dqi
�
dt ¼ 1

�
1þ exp Vi þ Vhalf ;q;i

� ��
Sq;i


 �� 
� qi
� ��

20:0
dpi

�
dt ¼ 1= 1þ exp � Vi þ 43:0ð Þ=24:0½ �f g � pið Þ�tp

tp ¼ 2:0 exp � Vi þ 50:0ð Þ2
.
550:0

h i
þ 1:1

SK potassium current:

ISK;i ¼ gSK

�
1þ Km;SK

.
Ca2þ

 �

in;i

� �4
� �

Vi � EKð Þ

Intercompartmental coupling currents:

Idp ¼ gdp Vd � Vp

� �
; Ipd ¼ gpd Vp � Vd

� �
;

Ips ¼ gps Vp � Vs

� �
; Isp ¼ gsp Vs � Vp

� �
;

gsp ¼ 4� 108Gsp

.
pdpLp

� �
; gps ¼ 108Gsp

�
pdpLp

� �
;

gpd ¼ 2� 108Gpd

.
pdpLp

� �
; gdp ¼ 108Gpd

�
pddLdð Þ;

Gsp ¼ 102pd2pd
2
s

.
2Ra Lpd

2
s þ Lsd

2
p

� �h i

Gpd ¼ 102pd2pd
2
d

.
2Ra Lpd

2
d þ Ldd

2
p

� �h i
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Parameters
The same parameters were used for the models with

schematic morphology and reconstructed morphology. The
only difference was in the morphology.

Cm ¼ 1 μF=cm2; Ra ¼ 40Ω cm; R ¼ 8; 314 J=kgmol K;

F ¼ 96520C=mol; T ¼ 308:15K;
dd ¼ 1:5 μm; dp ¼ 3 μm; ds ¼ 15μm; Ld ¼ 350μm;
Lp ¼ 150 μm; Ls ¼ 25μm;
Ek ¼ �90mV; ECa ¼ 120mV;
Vhalf ;m;i ¼ �34:6mV;Vhalf ;h;i ¼ �56:8mV;Vhalf ;q;s ¼ �56mV;
Sq;s ¼ 8mV;Vhalf ;q;p ¼ Vhalf ;q;d ¼ �60mV; Sq;p ¼ Sq;d ¼ 5mV;
tKv ¼ 19:0ms; tCa ¼ 18:0ms;
Na½ �out ¼ 145mM;KM;SK ¼ 0:00019mM;

KM;CaP ¼ 0:0005mM;KM;Na ¼ 10mM;
fi ¼ 2; fCa ¼ 0:05;
ICaP;max;i ¼ 0:00191mA

�
cm2; INaP;max;i ¼ 0:0092mA

�
cm2;

gL;Na;i ¼ 2:375μS
�
cm2; gL;Ca;i ¼ 0:0136μS

�
cm2;

gL;K;i ¼ 5:5μS
�
cm2;

gNa;i ¼ 550μS
�
cm2; gKV;i ¼ 665μS

�
cm2;

gCa;L;i ¼ 11:196μS
�
cm2; gSK;i ¼ 59μS

�
cm2;

gKA;d ¼ 266μS
.
cm2; gKA;p ¼ 285μS

�
cm2;

gKA;s ¼ 570μS
�
cm2;
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