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An Intrinsic Neuronal Oscillator Underlies Dopaminergic
Neuron Bursting
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Dopaminergic neurons of the ventral midbrain fire high-frequency bursts when animals are presented with unexpected rewards, or
stimuli that predict reward. To identify the afferents that can initiate bursting and establish therapeutic strategies for diseases affected by
altered bursting, a mechanistic understanding of bursting is essential. Our results show that bursting is initiated by a specific interaction
between the voltage sensitivity of NMDA receptors and voltage-gated ion channels that results in the activation of an intrinsic, action
potential-independent, high-frequency membrane potential oscillation. We further show that the NMDA receptor is uniquely suited for
this because of the rapid kinetics and voltage dependence imparted to it by Mg 2� ion block and unblock. This mechanism explains the
discrete nature of bursting in dopaminergic cells and demonstrates how synaptic signals may be reshaped by local intrinsic properties of
a neuron before influencing action potential generation.

Introduction
Dopaminergic neurons fire bursts in vivo with intraburst fre-
quencies that range from 14 to 30 Hz (Grace and Bunney, 1984;
Schultz, 1986; Hollerman and Schultz, 1998; Hyland et al., 2002).
Phasic burst firing is essential to reinforcement learning (Schultz,
1997; Zweifel et al., 2009), but at the cellular level it is not known
how dopaminergic cells generate this complex signal. Do dopa-
minergic cells simply relay a signal generated elsewhere, or do
they synthesize its reward-related signal from a diverse set of
inputs? Insight into the burst mechanism will reveal clues about
what afferents, conveying different psychological information,
are necessary for bursting.

Reports show that activation or blockade of NMDA, but not
AMPA, receptors (NMDAR, AMPAR) triggered or blocked burst
firing, respectively, in vivo (Overton and Clark, 1992; Chergui et
al., 1993; Tong et al., 1996a). Initial in vitro studies showed that
tonic burst firing could be induced by bath application of NMDA
(Johnson et al., 1992; Seutin et al., 1993). Later studies showed
that phasic bursts like those seen in vivo could be evoked by
electrical stimulation of glutamatergic afferents or iontophoresis
of glutamate in slices (Morikawa et al., 2003; Blythe et al., 2007).
Thus, burst firing is critically dependent on NMDAR activation,
but under some conditions AMPARs may also be involved.

Bursts have been proposed to arise from a large sustained
depolarization that could arise from a large-amplitude, long-
duration EPSP (Tong et al., 1996b), or a synaptically triggered
intrinsic plateau potential (Li et al., 1996; Canavier, 1999). How-

ever, even large depolarizing currents increase the firing rate only
slightly (Yung et al., 1991) because spiking fails before typical
burst rates are obtained, a phenomenon called depolarization
block (Grace and Bunney, 1986; Richards et al., 1997). This sug-
gests that plateau potentials or long-duration EPSPs are unsuited
for generating bursts.

Another mechanism proposes that dendritic NMDAR activa-
tion transiently forces the neuron to fire at the frequency of an
otherwise subliminal dendritic oscillator (Kuznetsov et al., 2006).
Because of the voltage dependence imparted by Mg 2� ions
(Mayer et al., 1984; Nowak et al., 1984), the NMDAR contributes
an inward current at depolarized potentials but is rapidly blocked
by Mg 2� when hyperpolarized, allowing the neuron’s intrinsic
hyperpolarizing currents to minimize depolarization block.
This mechanism of burst firing could explain both its transient
nature and apparent affinity for NMDAR activation. How-
ever, Kuznetsov et al. (2006) assumed that the hyperpolarizing
current responsible for the fast oscillation was dependent on
dendritic small-conductance calcium-dependent potassium
(SK) channels, but blocking SK channels enhances bursts fir-
ing in vivo (Ji and Shepard, 2006).

We show that NMDAR activation triggers burst firing, even at
somatic locations. The frequency of burst firing and the oscilla-
tion that underlies it is regulated by the degree of NMDAR
voltage sensitivity. Burst firing is sensitive to blockade of L-type
Ca 2� channels, but is enhanced by blocking SK channels. Thus,
the unique role NMDAR activation plays in burst firing is the
result of the engagement of an intrinsic high-frequency mem-
brane potential oscillation that is independent of the slow oscil-
lation that drives spontaneous firing.

Materials and Methods
Slice preparation. Sprague Dawley rats (Charles River Laboratories) aged
between 15 and 37 d were used in these studies. Animal handling and all
procedures were approved by institutional animal care and use commit-
tees and were in accordance with National Institutes of Health guidelines.
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All efforts to minimize both the discomfort to and the number of animals
were made. Animals were anesthetized with a lethal dose of ketamine and
xylazine (160 mg/kg and 24 mg/kg) and then rapidly decapitated. Brains
were quickly removed and placed into ice-cold artificial CSF (ACSF)
consisting of the following (in mM): 126 NaCl, 2.5 KCl, 1.25 NaH2PO4, 26
NaHCO3, 2.0 MgSO4, 10 dextrose, and 2.0 CaCl2 continuously bubbled
with 95% O2–5% CO2 (carbogen). Tissue blocks containing the substan-
tia nigra pars compacta (SNC) and its surrounding structures were pre-
pared and sliced at 220 –240 �m thickness in the tangential plane using a
vibrating tissue slicer (Leica VT-1000s; Leica Instruments). After the
initial preparation, slices were allowed to equilibrate at either 37°C for 30
min or at room temperature for 1 h, before they were used.

Electrophysiology. Slices were transferred to a recording chamber that
was continuously perfused with oxygenated ACSF at a rate of 2–3 ml/
min. The temperature was maintained at 35�37°C. Infrared differential
interference contrast video microscopy was used to visualize slices
through a 40� water-immersion lens equipped to either a Zeiss Axio-
scope (Zeiss) or an Olympus BX51 (Olympus) upright microscope using
gradient-contrast illumination. Patch pipettes were pulled from thin-
walled borosilicate glass (outer diameter � 1.5 mm, inner diameter �
1.17 mm) using either a P-97 or P-87 Flamming-Brown electrode puller
(Sutter Instruments). For cell-attached or whole-cell recordings the
electrodes were filled with a solution that contained the following (in
mM): 140.5 KMeSO4, 0.2 EGTA, 7.5 NaCl, 10 HEPES, 0.01 phosphocre-
atine, 2 NaATP, 0.2 NaGTP, adjusted to a pH of 7.3 with KOH. For this
solution we measured a �7 mV liquid junction potential. The whole-cell
solution was also used for perforated-patch recordings, except
gramicidin-D (Sigma) was added at a final concentration of 50 –100
�g/ml and sonicated 15–20 min before recording. Perforated-patch re-
cordings were made in tandem with whole-cell recordings; no clear dif-
ferences were observed between the two techniques, and thus the data
were pooled. While the majority of recordings were obtained with
perforated-patch and whole-cell patch-clamp recordings, some neurons
were recorded using the minimally invasive, cell-attached configuration.
No differences in burst length or frequency were observed in cell-
attached recordings and they were pooled with the intracellular record-
ings for frequency and spike count analysis. For whole-cell voltage-clamp
recordings pipettes were filled with a solution containing the following
(in mM): 135 CsCl, 5 QX-314 (Sigma), 2 MgCl2, 5 EGTA, 10 HEPES, 0.2
NaGTP, 2 NaATP, adjusted to a pH of 7.3 with CsOH. The final tip
resistance was 5–10 M� for both cell-attached and whole-cell recordings
and 2–5 M� for perforated-patch recordings. Recordings were made
using either an Axopatch 200B or MultiClamp 700B amplifier (Molecu-
lar Devices). Signals were digitized at 10 –50 kHz and low pass filtered
with a corner frequency of 2–10 kHz. Digitized data were saved for off-
line analysis to a hard disk using PClamp 8.1 software (Molecular De-
vices) or Axograph X software (Axograph X). Series resistances for
whole-cell recordings ranged from 2 to 5 M�, and from 10 to 60 M� in
perforated-patch recordings. Iontophoresis pipettes (20 – 80 M�) were
filled with either 1 M Na � glutamate or 200 mM NMDA. Typical retaining
currents were 0 to �15 nA, and ejection currents were �10 to �120 nA.
Dopaminergic neurons were identified by a large Ih, long action potential
duration (�1.5 ms), slow spontaneous firing rate (�10 Hz), and location
within SNC (Grace and Bunney, 1983; Kita et al., 1986; Calabresi et al.,
1989; Grace and Onn, 1989; Kang and Kitai, 1993). Additional criteria in
some neurons included the presence of an inhibitory mGluR response
(Marino et al., 2001).

Dynamic clamp. For dynamic clamp experiments we used an �86-
based personal computer running RTXI, a real-time Linux-based data
acquisition program (http://rtxi.org), to calculate the current necessary
to inject an artificial conductance through a MultiClamp 700B amplifier
in current clamp. The dynamic clamp component of this software pack-
age is described by Dorval et al. (2001). We could reliably maintain
acquisition/update rates of 10 kHz. The current flowing through an
NMDA receptor (INMDA) was modeled by the following equation:
INMDA � g

�
NMDA * (Vm � ENMDA)/(1 � exp[([Mg 2�]o/3.57) * (�Vm *

0.062)]), where Vm is the membrane voltage in millivolts, ENMDA is the
reversal potential for the NMDA receptor in millivolts, [Mg 2�]o is the
external Mg 2� millimolar concentration, and g

�
NMDA is the maximal

conductance in nanosiemens. The current flowing through an AMPA
receptor (IAMPA) was modeled by the following equation: IAMPA � g

�
AMPA

* (Vm � EAMPA). Many of the glutamatergic inputs to dopaminergic
neurons fire at high rates. For example, the subthalamic nucleus can fire
at rates beyond 100 Hz (Isoda and Hikosaka, 2008) and in combination
with other excitatory afferents (Geisler et al., 2007), postsynaptic cur-
rents rapidly reach a steady-state level (Hestrin et al., 1990). The modeled
currents mimic this steady state. All dynamic clamp recordings were
done with a balanced bridge with a Multiclamp 700B in continuous
current clamp (Bridge Mode).

Chemicals. All chemicals were obtained from Tocris Bioscience or
Sigma-Aldrich.

Analysis and statistics. Electrical traces were analyzed off-line using
custom-written software or Axograph X and Mathematica 6 or 7 (Wol-
fram Research). Statistical tests were performed using the software pack-
age R (R Foundation for Statistical Computing) or GraphPad Prism
(GraphPad Software). A p value of �0.05 was used as our significance
level for all tests. All numerical data are expressed as the value � the
sample-corrected SEM. To analyze changes in spike dVm/dt, we obtained
the peak dVm/dt for each of three spikes: the first in the train, the last in
the train, and 100 ms into the train (or the closest available spike). We
obtained difference scores by subtracting each spike’s dVm/dt value from
that of the first spike in the train, and dividing by the size of the first
spike’s dVm/dt. We then performed two-way repeated-measures
ANOVA on these difference scores; the factors were treatment condition
and time, i.e., 100 ms versus last spike. We supplemented this method
with Dunnett’s multiple-comparison test. Data were tested with two-
tailed tests and an � value of 0.05.

Results
NMDA receptor activation is necessary and sufficient for the
generation of burst firing
We began our studies by determining the influence that both
AMPA and NMDA receptors had in the generation of burst fir-
ing. We made visualized whole-cell and perforated-patch record-
ings from putative dopaminergic neurons of the SNC. In the
course of our studies we wanted to conduct pharmacological
experiments with and without action potentials, so we chose to
evoke bursts of action potentials by direct iontophoretic applica-
tion of glutamate (50 –300 ms) near the recorded neuron at both
proximal dendritic and somatic locations. Previous studies dem-
onstrate that such iontophoretic application of glutamate triggers
burst firing similar to that evoked by electrical stimulation of
glutamatergic afferents (Morikawa et al., 2003).

Iontophoretic application of glutamate triggered transient ep-
isodes of high-frequency firing in control ACSF. On average there
were 4.9 � 1.8 spikes within episodes in this sample, and they
showed an average frequency of 15.9 � 6.9 Hz (Fig. 1A, top).
These bursts appear similar to those observed in vivo, in that they
show a progressive decrease in spike amplitude and increase in
interspike-interval throughout the burst (Grace and Bunney,
1984). Bursts triggered by iontophoretic application to dendritic
and somatic locations did not differ from each other (data not
shown). Burst firing was not attenuated when 15–25 �M NBQX,
an AMPA receptor antagonist, was washed into the bath (Fig. 1A,
middle). In the presence of NBQX the average number of spikes
within a burst was 7.3 � 4.3, which was a slight increase in our
sample over control conditions ( p � 0.01, one-way ANOVA plus
Dunnett’s test), but still within the range of bursts observed in
vivo (Grace and Bunney, 1984). This small increase in spike num-
ber was probably not due to any kind of transient effect of NBQX
wash-in, because our sample includes both cells that were acutely
and constitutively exposed to NBQX. The average within-burst
firing frequency in the presence of NBQX was 17.6 � 9.2 Hz,
which was not significantly different from those evoked in con-
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trol conditions ( p � 0.05, one-way
ANOVA plus Dunnett’s test). In contrast,
bath application of 50 �M MK-801, a se-
lective NMDA receptor antagonist, dra-
matically reduced the number of spikes
associated with the iontophoretic applica-
tion to 0.9 � 1.0 ( p � 0.01, one-way
ANOVA plus Dunnett’s test) as well as the
average frequency to 4.0 � 6.2 Hz ( p �
0.001, one-way ANOVA plus Dunnett’s
test), relative to control conditions (Fig.
1A, bottom). The MK-801 sample con-
tains both cells that were previously ex-
posed to NBQX and those that were not.
These cells were pooled because there
were no clear differences observed.

Like previous work (Morikawa et al.,
2003), we also found that NMDA receptor
activation was necessary for triggering
burst firing evoked by electrical stimula-
tion. Bursts were also evoked by stimula-
tion of glutamatergic afferents by placing
a bipolar stimulating electrode within the
SNC. The stimuli consisted of 8 –17 pulses
delivered at 50 or 100 Hz. In control con-
ditions, mean burst frequency was 22.5 �
3.7 Hz (n � 6), which was not statistically
different from that evoked with ionto-
phoresis ( p � 0.1; unpaired t test). Bath ap-
plication of 50 �M MK-801 or 20 �M CPP
[3-(2-carboxypiperazin-4-yl)propyl-1-
phosphonic acid] without NBQX abol-
ished burst firing, resulting in a mean
firing rate of 1.6 � 1.8 Hz (n � 5; p �
0.005; unpaired t test) (supplemental Fig.
1, available at www.jneurosci.org as sup-
plemental material). Mean burst frequency, sensitivity to NMDA
antagonists, progressive decrease in spike amplitude, and in-
crease in interspike-interval throughout the burst were indistin-
guishable between bursts induced by electrical stimulation or
glutamate iontophoresis, and both of these appear identical to
bursts observed in vivo (Grace and Bunney, 1984). Together,
these results show that the NMDA glutamate receptor is both a
necessary and sufficient element in the generation of high-
frequency firing in midbrain dopaminergic neurons.

Activation of glutamate receptors
and oscillatory inputs counteract depolarization block
Dopaminergic neurons’ spontaneous firing rates are restricted to
a narrow range, even when subjected to constant depolarizing
current injections. When very large currents are injected into the
neuron (1 nA or more), they can fire with a short interspike
interval, but cannot sustain firing: this phenomenon is known as
depolarization block (Grace and Bunney, 1986; Richards et al.,
1997). The mechanism of depolarization block is not certain, but
it is consistent with the accumulation of Na� channel inactiva-
tion. To examine the nature of the depolarization block and
whether it could be overcome by an oscillatory current, we com-
pared action potential generation triggered by either injection
of a 500 ms, constant 500 –900 pA current step, or glutamate
iontophoresis (Fig. 2A). This sample of dopaminergic cells fired
on average only 3.1 � 0.4 spikes (n � 8) in response to a constant
current step that was significantly less than what we observed in

the same neurons in response to glutamate iontophoresis (aver-
age spike count for iontophoresis � 7.1 � 0.5, n � 57; p � 0.005;
unpaired t test). Iontophoresis of glutamate onto dopaminergic
cells (Fig. 2A, middle trace) elicited trains of 5–10 spikes with
mean firing rates between 15 and 20 Hz and spike amplitude
degraded in a more gradual manner than seen during constant
current injection. We could reliably trigger high-frequency firing
much like that seen with glutamate iontophoresis by applying a
high-frequency train of 10 –30 ms depolarizing (350 –1000 pA)
current pulses, interleaved with 5–10 ms hyperpolarizing (�25 to
�100 pA) current pulses (the “square-wave” protocol). When we
applied the square-wave currents, we were able to elicit spikes on
each of the depolarizing pulses (pulse frequency up to 75 Hz), dem-
onstrating that an oscillatory current, but not constant depolariza-
tion, can support high-frequency firing in dopaminergic neurons.

To determine whether the degree of Na� channel inactivation
could underlie the ability of dopaminergic neurons to fire at high
frequencies, we differentiated our voltage records, resulting in
records of how the temporal derivatives of membrane voltage
(dVm/dt) evolve in time (Fig. 2B). Membrane current is propor-
tional to dVm/dt and the maximum value of dVm/dt occurs dur-
ing the upstroke of the action potential, when voltage-gated
Na� currents dominate, and so the maximum value of dVm/dt is
used as a measure of voltage-gated Na� channel availability
(Gettes and Reuter, 1974). Spike trains resulting from each pro-
tocol showed progressive decreases in the maximum value of
dVm/dt, consistent with sodium channel inactivation (Fig. 2B).

Figure 1. NMDA receptor activation is necessary for the generation of high-frequency burst firing. A, Example traces from the
same neuron recorded in the whole-cell configuration. The gray bar illustrates the onset and offset of the iontophoretic application
of glutamate. Top, Application of glutamate consistently led to a high-frequency episode of firing that was usually followed by brief
period of quiescence, in control conditions. Middle, Application of NBQX did not block high-frequency bursting and in some cases
increased the number of spikes associated with it. Bottom, Application of MK-801 consistently blocked high-frequency firing, such
that the spiking associated with the iontophoresis was similar to the background firing. Note that there appears to be a slight
variation of background firing rate between each of the trials; this is due to natural variability in pacemaking and was not
significant. In this example, NBQX was still present when MK-801 was applied. B, MK-801 decreased the mean (top, white bars)
and maximum (max) (top, black bars) intraburst firing rates and the number of spikes/burst (bottom). NBQX increased the number
of spikes occurring within a burst. **p � 0.01, ***p � 0.001, one-way ANOVA plus Dunnett’s test. The number above each bar is
the number of cells in the sample.
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Note that the initial maximum value of dVm/dt is much higher
when current injections are used as opposed to the iontophoresis;
the reason for this is that at the onset of the current injection, the
membrane is charged much more rapidly than it would under
more physiological conditions. Spikes elicited by constant current
injection showed a significantly greater decrease in maximum
dVm/dt (spike number F(1,19) � 12.82, p � 0.002; protocol F(2,19) �
10.09, p � 0.001; interaction F(2,19) � 3.48, p � 0.0514) than spikes
elicited by either iontophoresis or the square-wave protocol (Fig.
2C). These results rule out both intrinsic plateau potentials and sum-
mation of high-frequency glutamatergic postsynaptic potentials as
the mechanism for bursting because both of these would produce
prolonged, steady depolarizations, resulting in depolarization block.
However, they do not explain why AMPA and NMDA receptor
activation should differ.

The voltage sensitivity of the NMDA receptor underlies its
ability to trigger burst firing
To test the possibility that the voltage sensitivity of the NMDA
receptor underlies their ability to trigger burst firing, we modified
the NMDA receptor’s voltage sensitivity by bath application of
ACSF that was free of Mg 2� ions. We determined the NMDA
receptor’s current–voltage relationship (I–V curve), before and
after washing in Mg 2�-free ACSF, to determine the degree to
which we could manipulate its voltage sensitivity under our con-
ditions. We measured NMDA currents evoked by glutamate ion-
tophoresis, at different voltages, in the presence of 10 –15 �M

NBQX. Example currents evoked in this way can be seen in Figure

3A. A modified internal solution, contain-
ing both Cs� ions and QX-314 (see Mate-
rials and Methods), was used to aid in
maintaining adequate voltage-control in
some of these experiments. The measured
I–V curve normally has a negative slope
conductance for membrane potential val-
ues negative to �37 � 5.6 mV, but after 30
min of Mg 2� washout the negative slope
conductance region shifts leftwards to be-
gin at �64 � 4.1 mV (Fig. 3B) ( p � 0.05;
paired t test). However, even after �45
min of Mg 2� washout in every cell tested,
the I–V relationship never became linear.
There was no change in holding current at
�65 mV during washout of Mg 2� (data
not shown). We triggered burst firing by
glutamate iontophoresis, while recording
membrane voltage in the whole-cell con-
figuration. In control conditions, with 2
mM Mg 2� in the ACSF, dopaminergic
neurons showed an average intraburst fre-
quency of 17.3 � 3.3 Hz (n � 8) (Fig. 3C,
top trace). As the Mg 2�-free solution was
washed in, dopaminergic neurons began
to show an increase in mean intraburst
frequency (Fig. 3C, middle trace). On av-
erage, after 5– 6 min the mean intraburst
frequency was 23.8 � 5.0 Hz (n � 8),
which was not significantly different from
control ( p � 0.05, one-way ANOVA plus
Dunnett’s test). After 10 min the mean
intraburst firing rate was 31.6 � 7.1 Hz
(n � 7), which was significantly different
from control conditions ( p � 0.05, one-

way ANOVA plus Dunnett’s test). This effect reversed within a
few minutes of exposing the slice back to control ACSF (mean
intraburst rate � 16.7 � 3.3 Hz; n � 7) (Fig. 3D). The number of
spikes was not significantly different across any condition (mean
number of spikes for control conditions � 4.4 � 0.8, 5 min 0
Mg 2� � 4.5 � 1.0, �10 min 0 Mg 2� � 4.0 � 1.1; p � 0.5 for all
comparisons with control, one-way ANOVA plus Dunnett’s
test).

These results show that in nominally Mg 2�-free solutions,
dopaminergic neurons show an increased NMDA-dependent in-
ward current and a hyperpolarized shift in its voltage sensitivity,
which is associated with an enhanced ability to fire bursts at
higher frequencies, but with the same number of spikes. It is
surprising that we were unable to completely remove the voltage
sensitivity of the NMDA current in Mg 2�-free solution, but these
results show the strong dependence of bursting on the strength
and voltage dependence of the NMDA conductance. The NMDA
receptor’s negative slope conductance region does not abruptly
shift to hyperpolarized potentials during application of Mg 2�-
free solution, but gradually moves to hyperpolarized potentials,
with the amount of inward current available at hyperpolarized
potentials increasing concomitantly (Jahr and Stevens, 1990).
Our inability to completely remove the voltage dependence of the
NMDA current could be related to failure of our solution to
completely eliminate Mg 2� from tissue slices and/or the expres-
sion of the NMDA subunit, NR2D, in dopaminergic neurons
(Brothwell et al., 2008). Regardless, we would predict that if we
could remove the NMDA receptor’s voltage sensitivity we would

Figure 2. Oscillatory inputs and glutamate iontophoresis counteract depolarization block. A, Example traces from the same
neuron recorded in the whole-cell configuration. Top, The neuron was injected with a 500 ms, 700 pA current injection, to which
the neuron rapidly entered a nonspiking depolarized state (Current Injection). Middle, The neuron fired at a rate of 	25 Hz in
response to a 200-ms-duration iontophoretic application of glutamate (Ionto), as indicated by the gray bar. Bottom, The neuron
fired repetitively in response to a 25 Hz train of 35 ms, 700 pA current pulses (Square Wave). Note that the pulses are interleaved
with 10 ms hyperpolarizing current pulses. B, Temporal derivatives (dVm/dt) of the voltage traces obtained from each protocol in
A. C, Maximum dVm/dt values, for each protocol, across our sample. Black bars indicate the values for the first spike, whereas gray
corresponds to the first spike after a 100 ms latency and white represents the last spike. **p � 0.01, ***p � 0.001, two-way
ANOVA plus Dunnett’s test. The number with each bar is the number of cells in the sample.
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disrupt burst firing. We therefore made
use of the dynamic clamp technique
(Robinson and Kawai, 1993; Sharp et al.,
1993; Dorval et al.), which allowed us to
impose a modeled NMDA conductance to
a live neuron and alter its voltage sensitiv-
ity in an unequivocal manner.

We applied a somatic NMDA conduc-
tance that was calculated using the de-
scription of Jahr and Stevens (1990) (see
Materials and Methods), allowing us to
vary the effective external Mg 2� concen-
tration ([Mg 2�]o) throughout an experi-
ment. Bursts in dopaminergic neurons are
slow, even compared with the activation
kinetics of NMDA channels, so we applied
constant NMDA conductances, rather
than shaping the NMDA conductance to
match the activation kinetics of the chan-
nel. Within an experiment, we kept the
maximal conductance constant and var-
ied [Mg 2�]o from 2 to 0 mM in 0.5 mM

decrements. When [Mg 2�]o was set to 0
mM the conductance was linear, and thus
behaved like an AMPA-mediated conduc-
tance (Fig. 4C). Example traces from a
neuron with [Mg 2�]o set to 1.5 and 0.0
mM can be seen in Figure 4A. When
[Mg 2�]o was set between 1 and 2 mM the
neuron fired between 27.0 and 14.8 Hz,
which was within the range of burst firing
evoked by iontophoresis or electrical
stimulation in control media (Fig. 4B).
When [Mg 2�]o was set to 0.5 mM, the av-
erage rate of firing was 54.6 � 13.5 Hz,
which was similar to what we observed for
burst firing evoked in nominally Mg2�-
free media. So long as [Mg2�]o was set to a
nonzero value, and there was a negative
slope conductance in the I–V relation of
the applied conductance, neurons re-
mained capable of sustained firing for a few seconds after the
conductance onset. We found that the number of spikes occur-
ring within one second of the conductance onset fell within the
range of what we observed with iontophoretically evoked bursts
(Fig. 4B). When [Mg 2�]o was set to 0 mM, which is a good ap-
proximation of a physiological plateau potential, we found that
the neurons were capable of discharging only 2.4 � 0.2 spikes,
similar to what we observed with constant current injections
(compare Fig. 2A, top trace, with Fig. 4A, bottom trace; p � 0.1;
unpaired t test). The increase in firing rate observed when reduc-
ing [Mg 2�]o was related to an increase in the amplitude of the
negative slope conductance in the voltage range visited by the
membrane potential during the interspike interval (Fig. 4C).
Even with NMDA conductances, firing often failed after a pro-
longed period of firing at burst frequencies. We consistently ob-
served that when firing ceased during an NMDA conductance
step, there continued to be a prominent membrane potential
oscillation (Fig. 4A, top inset). This oscillation was never ob-
served during an AMPA conductance step. We measured the
power spectra of the membrane potential in four neurons with
[Mg 2�]o set to 1.5 and 0 mM. When [Mg 2�]o was set to 1.5 mM

we consistently observed a peak in the spectrum close to the

frequency of burst firing. No significant peaks were seen when
[Mg 2�]o was set to 0 mM (Fig. 4D). The average peak was cen-
tered at 32.4 � 4.8 Hz with the NMDA conductance, and this was
not significantly different from the mean firing rate measured at
the beginning of the NMDA step, before firing failed (mean firing
rate � 20.5 � 6.7 Hz; p � 0.05; paired t test).

An action potential-independent, intrinsic, high-frequency
oscillation is engaged by NMDA receptor activation
Our results support the idea that the NMDA receptor plays a
unique role in driving burst firing because of its voltage depen-
dence. In addition, they provide some evidence that a voltage
oscillation accompanies NMDA receptor activation as well. To
determine whether these voltage oscillations were action poten-
tial independent, we recorded from dopaminergic neurons in
current-clamp using either the whole-cell or perforated-patch
configuration. When spike generating Na� channels were blocked
with TTX (1 �M), we consistently observed the ongoing slow
voltage oscillation known to drive pacemaking (Fig. 5A). There
were no apparent voltage oscillations in response to applied
AMPA conductances, similar to conditions in which spikes were
not blocked (Fig. 4A). However, when an NMDA conductance

Figure 3. Burst firing is augmented by increasing the NMDA-mediated inward current. A, Mg 2� removal increased inward
currents elicited by glutamate iontophoresis (Ionto; gray). B, Mg 2� dependence of the NMDA receptor I–V curve (average of 3
neurons recorded in whole-cell configuration). Inset, Protocol used to establish I–V curve. Glutamate was iontophoresed (25 ms,
gray bar) once the cell reached steady state. Removal of Mg 2� shifts the negative slope conductance region leftward and increases
the peak inward current. The I–V relationship never becomes linear. C, Example traces from the same neuron recorded in the
whole-cell configuration. Top, Spiking elicited in control media with glutamate iontophoresis, indicated by gray bar. Middle, The
same iontophoresis evokes a higher-frequency burst after washing in a solution that did not contain any Mg 2� for 40 min. Bottom,
Washing back in control media restores normal burst firing. D, Bar charts summarizing the effect of washing solutions containing
0 Mg 2� for either 5 or �10 min, on both the mean burst firing rate (top) and the total number of spikes within the burst (bottom),
in our sample.
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was applied to the neuron we consistently observed the same fast
voltage oscillations that were observed at the end of spiking when
Na� channels were not blocked (Fig. 5A,B). Again, we found that
the spike independent voltage oscillations were not significantly dif-
ferent from high-frequency burst firing triggered by NMDA activa-
tion (mean control firing rate � 15.4 � 1.1 Hz; n � 4; oscillation
with peak power � 17.1 � 3.5 Hz p � 0.5; paired t test).

To determine whether the fast voltage oscillation was due to
the interaction of the NMDA receptor with the dopaminergic
neuron’s intrinsic conductances, we again recorded from dopa-
minergic neurons in current clamp and blocked action potentials
with TTX (1 �M) or in some cases lidocaine (250 �M). Lidocaine
at this concentration abolished spontaneous action potential
generation in a reversible manner and gave results similar to
TTX, so the data were pooled.

Although we observed voltage oscillations in all neurons ex-
posed to TTX or lidocaine, we included 1 mM tetraethylammo-
nium in many experiments to facilitate their analysis, which has
been shown in previous studies to enhance the amplitude of the

slow oscillation with very little impact on
its frequency (Nedergaard et al., 1993;
Wilson and Callaway, 2000). Glutamate
iontophoresis triggered a fast voltage os-
cillation that had an average frequency of
14.8 � 1.2 Hz (n � 43), slightly lower than
that of burst firing [control burst firing
rate � 21.9 � 1.2 Hz (n � 57); p � 0.005,
one-way ANOVA plus Dunnett’s test] (Fig.
6A). Most of the depolarizing events within
the oscillation exceeded action potential
threshold (Fig. 6A), which was deter-
mined by finding the maximal value of
d 2V/dt 2 obtained from voltage recordings
before action potentials were blocked.
The frequency of these oscillations was re-
duced by blockade of NMDA receptors,
with either 250 �M CPP or 50 �M MK-801
(8.3 � 1.5 Hz) relative to control oscilla-
tions ( p � 0.005, one-away ANOVA plus
Dunnett’s test). The frequency of action
potential-independent oscillations in-
creased after washing out CPP (Fig. 6A)
(6.2 � 0.83 oscillations at 10.6 � 1.2 os-
cillations/s). Full-sized action potentials
reappeared after washing out lidocaine
(8.2 � 0.84 spikes at 15.0 � 3.0 Hz; data
not shown). The action potential-
independent oscillations revealed by so-
dium channel block were also abolished
by 20 �M isradipine or nimodipine (Fig.
6A), indicating a dependence of the high-
frequency oscillations on L-type voltage-
gated calcium (Ca 2�) channels. High-
frequency action potential firing, evoked
by application of an NMDA conductance
step with [Mg 2�]o set to 1.5 mM, was
driven by a fast membrane potential oscil-
lation, which was again revealed by block-
ing Na� channels with 1 �M TTX (Fig.
6B). Subsequent application of isradipine
abolished this oscillation (Fig. 6B). We
also tested the effects that a lower concen-
tration of nifedipine would have on burst

firing. At 10 �M, nifedipine has been shown to reduce the fre-
quency of spontaneous oscillation by 20 –30% (Mercuri et al.,
1994). We found that bursts evoked by NMDA conductance ap-
plication or iontophoresis of glutamate were attenuated by
	30% (control iontophoresis mean rate � 15.3 � 1.2 Hz; nifed-
ipine iontophoresis mean rate � 10.9 � 0.9 Hz; p � 0.05; control
dynamic clamp mean rate � 24.1 � 0.8 Hz; nifedipine dynamic
clamp mean rate � 16.9 � 0.5 Hz; p � 0.05) (supplemental Fig. 2,
available at www.jneurosci.org as supplemental material).

The similar sensitivities of the spontaneous slow oscillation
and the high-frequency burst oscillation to dihydropyridines
suggest that NMDA receptors may enhance the slow spontaneous
oscillation that drives pacemaking (Kuznetsov et al., 2006). If this
were true, then burst firing should also be sensitive to blockade of
the outward current, which provides the repolarization needed to
maintain the oscillation. The outward current most critical for
the slow spontaneous oscillation is mediated by the SK channel
(Nedergaard et al., 1993; Ping and Shepard, 1996; Amini et al.,
1999). We evoked bursts by iontophoresis of glutamate before

Figure 4. The NMDA receptor’s voltage dependence is a critical element in burst firing. A, An NMDA or AMPA conductance was
applied to the soma of dopaminergic cells recorded in the whole-cell configuration. The conductances were modeled using a
formalism for the NMDA receptor by Jahr and Stevens (1990). We treated the external Mg 2� concentration, [Mg 2�]o, as a free
parameter and kept the maximal conductance fixed within an experiment. Top, Example trace evoked by turning on a conductance
with [Mg 2�]o � 1.5 mM (NMDA). Note the presence of prominent oscillations throughout the trace even when spiking has
stopped. Bottom, Trace from the same cell with [Mg 2�]o � 0.0 mM (AMPA). Note the rapid decrement of spiking and lack of
oscillations. B, Top, Plot of the average instantaneous firing rate as a function of [Mg 2�]o for a sample of six cells. The average rate
of burst firing (�SEM) evoked with iontophoresis (see Fig. 1) is shown in gray as a reference. Bottom, Plot of the number of spikes
counted within 1 s. of the conductance step for the same six cells; again, the distribution of iontophoresis experiments is shown in
gray. C, I–V curves for our modeled conductance calculated for different [Mg 2�]o. Black traces are for [Mg 2�]o �2.0, 1.5, 1.0, and
0.5 mM (NMDA) from the smallest to largest curves, respectively. Gray trace is for [Mg 2�]o � 0.0 mM (AMPA). D, Power spectra
after spiking has ceased from the example traces shown in A.
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and after blockade of SK channels by 100
nM apamin, which is a selective blocker of
SK channels (Ishii et al., 1997). In control
conditions the average frequency of burst
firing was 18.5 � 2.6 Hz. Apamin caused a
significant increase in burst frequency,
which was 26.6 � 2.0 Hz ( p � 0.05; n � 6;
paired t test), but no significant increase in
the number of spikes (control spike
count � 4.6 � 0.4, apamin spike count �
6.4 � 0.8; p � 0.5; paired t test) (Fig.
7A,B). Thus, while both spontaneous and
burst firing depend on L-type Ca 2� chan-
nel activation, SK channels are not a crit-
ical component for burst firing.

Discussion
Our results demonstrate that the mech-
anism for glutamate-induced bursting
consists of a high-frequency, action poten-
tial-independent oscillation that is depen-
dent on NMDA receptor activation and
subsequent interaction with intrinsic con-
ductances. Somatic and dendritic NMDA
receptor activation is equally capable of
triggering burst firing, so the mechanism
that underlies the engagement of the fast
oscillation does not depend on surface
area-to-volume differences. NMDA re-
ceptors are uniquely capable of engaging a
fast voltage oscillation, which drives burst
firing, because of its voltage dependence.
During each cycle of the oscillation, the
NMDA receptor undergoes Mg 2� block
to enhance the hyperpolarizing phase of
the oscillation and mitigate depolariza-
tion block, and then unblocks during the
depolarizing phase, increasing the ampli-
tude of the bursting oscillation. There-
fore, the voltage dependence of NMDA
receptors allows dopaminergic neurons to
fire at rates higher than those possible
during sustained depolarization.

The mechanism of burst firing in
midbrain dopaminergic neurons
Kuznetsov et al. (2006) proposed a model
for burst firing based on evidence that the
dopaminergic neuron behaves like a sys-
tem of coupled oscillators (Wilson and
Callaway, 2000). In this model, the L-type
Ca 2� and SK currents that underlie the
membrane potential oscillation that drives
spontaneous firing are distributed equally
among the soma and dendrites. Because
the surface area-to-volume ratio of the
dendrite is much larger than that of the
soma, the natural frequency of the den-
drite is expected to be much higher. Dur-
ing spontaneous oscillations, the soma
generates larger currents and so normally
dominates the frequency of the voltage-
coupled system. Kuznetsov et al. (2006)

Figure 5. NMDA, but not AMPA, conductances engage a high-frequency, action potential-independent oscillation. A, Dynamic
clamp experiments performed in the presence of TTX and recorded in the whole-cell configuration. Top, Example electrical trace
obtained for [Mg 2�]o �0.0 mM with the injected current below. Just before the conductance step, a low-frequency oscillation can
be seen. During the conductance step the membrane voltage remains flat. Bottom, Same as top except [Mg 2�]o � 1.5 mM. During
the conductance step a higher-frequency oscillation (relative to that before the step) is observed. Below each voltage trace is the
injected current waveform. B, Control firing evoked by applying the same NMDA conductance step ([Mg 2�]o �1.5) as in A, before
applying TTX.

Figure 6. NMDA receptor activation triggers an intrinsic, action potential-independent, voltage oscillation. A, Iontophoresis of
glutamate (gray bar) elicited a burst of action potentials from a cell recorded in the whole-cell configuration. Blockade of sodium
channels (Nav block) revealed large voltage oscillations that were attenuated by NMDA and calcium channel antagonists (NMDA
and Cav block, respectively). Note that all examples are from the same cell with experiments done sequentially. Dashed line
indicates spike threshold. B, Same experiment as in A, except dynamic clamp was used to mimic NMDA receptor conductance.
Below each voltage trace is the waveform of the injected current. C, Bar chart showing the frequency of glutamate-elicited
oscillations before and after Nav block, NMDA block, or Cav block in iontophoresis (ionto) experiments (gray) and dynamic clamp
(dyn. clamp) experiments (black). The number with each bar is the number of cells in the sample. ***p � 0.001, Kruskal–Wallis
test (score � 42.01, p � 0.0001) plus Dunnett’s test. TEA, Tetraethylammonium.
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proposed that the feature that distinguished NMDA receptor ac-
tivation from that of AMPA receptors, was that NMDA receptors
can “act as a current amplifier,” because of its voltage dependence
and rapid kinetics. Because of this property, NMDA receptor
activation was thought to amplify the normally diminutive, but
faster, dendritic oscillation without altering its natural frequency.

Our results indicate that there is no clear difference in mech-
anism between somatic and dendritically localized inputs in gen-
erating bursts. We routinely evoked bursts using both somatic
and dendritic iontophoresis. We were also able to drive bursts by
application of a point NMDA conductance in the soma by con-
ductance clamp. These findings are in contradiction to the model
proposed by Kuznetsov et al. (2006), which predicts that NMDA
conductance in the soma would reinforce the slow spontaneous
oscillation, not the fast one responsible for bursts. However, our
results also show the oscillation that drives burst firing is not the
same as the oscillation that drives pacemaking. Although burst
firing and the underlying oscillation are sensitive to blockade of
voltage-gated Ca 2� channels, it is actually enhanced by SK chan-
nel blockade. If the oscillation that drives pacemaking were en-
hanced by NMDA activation we would have predicted that SK
channel blockade would abolish burst firing. Therefore, NMDA
receptor activation appears to engage a different set of ionic cur-
rents, which results in the expression of an otherwise subliminal

fast oscillation. While the specific kinetics of the binding and
unbinding of Mg 2� could play a role in determining burst fre-
quency, we did not alter the rapid (submillisecond) kinetics as-
sumed in our dynamic clamp experiments. Nevertheless, we
found that the burst frequencies obtained with dynamic clamp
and iontophoresis were similar. This suggests that the kinetics of
the NMDA-recruited fast oscillation are determined by the ion
channels that comprise it.

Our results are consistent with a primary role for the L-type
Ca 2� channel in providing the depolarizing current for the fast
oscillation, as it does for the slow spontaneous oscillation
(Nedergaard et al., 1993; Mercuri et al., 1994). However, the hy-
perpolarizing phase of the burst oscillation cannot arise primarily
from SK current. Our results suggest that some other outward
current plays this role during bursts. The identity of this outward
current is not known, but it must be activated by subthreshold
voltages, and is therefore likely to be a voltage-sensitive rather
than a calcium-dependent K� current, or delayed rectifier. Do-
paminergic neurons are known to possess the subthreshold acti-
vated A-type K� current, mediated by the Kv4.3 subunit,
throughout its somatodendritic extent (Liss et al., 2001; Gentet
and Williams, 2007). This current, which has kinetics consistent
with the fast oscillation, appears to be a powerful modulator of
dopaminergic neuron pacemaking (Segev and Korngreen, 2007;
Khaliq and Bean, 2008; Putzier et al., 2009), but may also play a
central role in burst firing. The use of an L-type Ca 2� current for
the depolarizing phases of the oscillation may just be a conse-
quence of its availability, but because a Ca 2�-sensitive K� chan-
nel is not needed to repolarize the oscillation, it is not obligatory.
Dopaminergic neurons are capable of finding new combinations
of currents to maintain their pacemaking regardless of the
voltage-dependent Ca 2� current availability (Chan et al., 2007;
Guzman et al., 2009). While it is not known whether under con-
ditions of Ca 2� channel downregulation dopaminergic neurons
will still burst, our results do not rule this out.

The synaptic origin of dopaminergic neuron burst firing
Stimulation of glutamatergic inputs onto dopaminergic neurons
activates both NMDA and AMPA receptors, as at other glutama-
tergic synapses throughout the CNS (Mereu et al., 1991). What
then is the role of AMPA receptors in the generation of burst
firing or shaping the output of dopaminergic neurons? Our re-
sults show burst firing can occur in the absence of AMPA recep-
tors and argue that NMDA receptors are critical; they do not
argue that AMPA receptors cannot be involved at all. Both ion-
tophoresis and electrical stimulation are capable of evoking
bursts (Morikawa et al., 2003; Blythe et al., 2007). Blythe et al.
(2007) found that bath application of either AMPA or NMDA
receptor antagonists attenuated burst firing evoked by high-
frequency trains of electrical stimulation, arguing that NMDA
and AMPA receptors worked in concert to generate burst firing.
This is seemingly contradictory to the present results and previ-
ous in vivo results (Overton and Clark, 1992; Chergui et al., 1993;
Tong et al., 1996a) showing that NMDA receptor activation is
sufficient and necessary in generating bursts. One possibility is
that some amount of sustained depolarization may be beneficial
for bursting by depolarizing the cell into the membrane potential
range of the negative slope conductance region of the NMDA
receptor. Below that voltage range, NMDA channels alone are
ineffective because of Mg 2� block. It is also possible that periodic
synchronous activation of AMPA receptors by rhythmic stimu-
lation of afferents could produce an extrinsic oscillatory input
that could drive bursting in a way similar to the square-wave

Figure 7. Burst firing is augmented, not suppressed, by SK channel blockade. A, Example
traces from the same neuron recorded in the whole-cell configuration. Top, Spiking elicited in
control media with glutamate iontophoresis (Ionto), indicated by gray bar. Bottom, Under the
same conditions except with the addition of 100 nM apamin. Now the cell responds with a much
higher frequency and more spikes. B, Summary data of the effect of 100 nM apamin, on both the
mean burst firing rate (left) and the total number of spikes within the burst (right), in our
sample. Each cell’s values before and after drug application are indicated by individual joined
lines, and the mean and SEM of our sample are given by the closed and filled circles. Asterisk
indicates statistical significance ( p � 0.05; paired t test).
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current injections shown in Figure 2. As AMPA current is in-
creased, however, it will work against bursting by reducing the
hyperpolarizing part of the interspike interval, and promoting
depolarization block. This explains why specific disruption of
NMDA receptors on dopaminergic neurons can selectively pre-
vent bursting in animals with effectively normal AMPA receptor-
mediated synaptic transmission (Zweifel et al., 2008, 2009).

Burst firing of dopaminergic neurons is a behaviorally impor-
tant signal necessary for normal reward learning (Schultz, 1997;
Tsai et al., 2009; Zweifel et al., 2009). Dopaminergic neurons fire
bursts in response to unexpected rewards, or to stimuli that have
become predictors of reward, and for conditioned stimuli the
intraburst firing rate scales according to the probability of reward
associated with that stimulus (Morris et al., 2004). Burst firing in
response to a reward is suppressed if the reward is preceded by a
stimulus that reliably predicts the reward. A key issue for the
mechanism of reward prediction is whether the conditioning
mechanism, which assigns the burst to a conditioned stimulus on
the basis of its predictive value, is located in the substantia nigra
or in other brain regions and is only relayed by the dopaminergic
neuron. Our results suggest that the input triggering bursts is a
glutamatergic input that acts on NMDA receptors, and that the
intraburst frequency is determined by the degree of NMDA re-
ceptor activation and the kinetics of the channels underlying the
burst oscillation.

Consistent with this view are the findings of Harnett et al.
(2009), which find upregulation of NMDA receptor activity with
a concomitant reduction in AMPA EPSCs, using an induction
protocol that mimicked cue-reward association. Both of these
effects would act to enhance synaptically triggered burst firing,
which may underlie the acquisition of the burst response to a
reward-predicting stimulus (Harnett et al., 2009).

Our results provide a cellular mechanism for the NMDA-
specific nature of bursting in dopaminergic neurons. They also
suggest that many of the features of dopaminergic cell bursting,
including intraburst firing rate and burst duration, arise largely
from the kinetics of ion channels on the dopaminergic cells and
may be controlled by modulation acting locally within the substantia
nigra (Paladini et al., 2001). Our results show that intrinsic cellular
dynamics are an important part of synaptic integration in the dopa-
minergic neuron and should provide a framework for understand-
ing how the dopaminergic neuron’s intrinsic properties ultimately
influence behavior.
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