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Burst Firing in Dopamine Neurons Induced by
N-Methyl-D-Aspartate: Role of
Electrogenic Sodium Pump

Steven W. Johnson, Vincent Seutin, R. Alan North

Dopamine-containing neurons of the mammalian midbrain are required for normal behavior
and movements. In vivo they fire action potentials in bursts, but in vitro they discharge
regularly spaced action potentials. Burst firing in vitro has now been shown to be robustly
induced by the glutamate agonist N-methyl-p-aspartate (NMDA) although not by the
non-NMDA agonists kainate or quisqualate. The hyperpolarization between bursts of
action potentials results from electrogenic sodium ion extrusion by a ouabain-sensitive
pump. This mechanism of burst generation in mammalian neurons may be important in the
pathophysiology of schizophrenia and Parkinson’s disease.

The dopamine-containing neurons of the
ventral midbrain project predominantly to
the prefrontal cortex, nucleus accumbens,
and striatum and are involved in the control
of affect, movement, and drug-seeking be-
havior (I). In freely moving rats, they dis-
charge with single spikes or with bursts of
spikes (2). The bursts are not seen in vitro
(3-8), perhaps because of the loss of critical
afferent inputs (4, 5) that release excitatory
amino acids (9, 10). We tested this hypoth-
esis by applying excitatory amino acids while
recording from the cells in vitro (6, 7, 11).

Vollum Institute and Department of Neurology, Oregon
Health Sciences University, Portland, OR 97201

N-Methyl-D-aspartate (NMDA) (10 to
30 wM) changed the firing pattern from
regularly spaced single spikes to one in
which bursts of two to ten action potentials
were separated by large hyperpolarizations
(up to 40 mV) lasting 1 to 5 s (Fig. 1A). The
action of NMDA continued throughout its
application (up to 8 hours), reversed quickly
on washing, and was antagonized by the
NMDA receptor blocker D,L-2-amino-5-
phosphonopentanoic acid (APV) although
not by 6-cyano-2,3-dihydroxy-7-nitro-qui-
noxaline (CNQX), which blocks non-
NMDA receptors (12). Tetrodotoxin
(TTX) blocked the bursts of action poten-
tials but did not prevent the underlying

SCIENCE ¢ VOL. 258 ¢ 23 OCTOBER 1992

REPORTS

oscillations of membrane potential (Fig.
1C); this result indicates that the potential
oscillations underlying the bursts do not
require Na* entry through TTX-sensitive
channels and that burst firing probably does
not involve local neuronal circuits within
the tissue slice. Burst firing did not occur in
Mg?*-free solution, and it was not evoked
by excitatory amino acids (kainate, quis-
qualate) that do not open Mg?*-gated ion
channels (13).

In other neurons, inward Ca?* currents
contribute to the onset of bursts of action
potentials. Ca?* current inactivation (14)
or the development of an outward Ca?™*-
dependent K* current (15) terminates the
burst. However, burst firing of dopamine-
containing cells persisted in Ca®*-free so-
lution (n = 6) (Fig. 1B), in apamin (1
wM), or with recording electrodes that
contained the Ca?* chelating agent 1,2-
bis(2-aminophenoxy)ethane N,N,N’,N’-
tetraacetic acid (BAPTA). BAPTA effec-
tively buffered intracellular Ca®* as demon-
strated by blockade of the late component
of the action potential after-hyperpolariza-
tion (n = 5) (16). Apamin, which blocks a
Ca?*-activated K* conductance in these
(17) and other cells (18), actually increased
the amplitude of the bursts, perhaps by
blocking an opposing outward current dut-
ing the depolarizing phase. Decreasing the
K* concentration from 2.5 to 0.5 mM
reversibly blocked burst firing (n = 2), and
increasing the K* concentration to 10.5
mM increased the amplitude of the hyper-
polarization between the bursts (n = 2).
These findings are the opposite of those
expected if the hyperpolarization had re-
sulted from an increase in K* conductance.

Sodium was required for burst firing be-
cause, when its concentration was reduced
(from 146 to 20 mM with choline or tris
substitution), both the action potentials
and the underlying membrane potential
oscillations disappeared reversibly (n = 3)
(Fig. 1D). One Na™ current that has volt-
age and time dependence appropriate to
burst firing is the hyperpolarization-activat-
ed current (I,) (19). However, burst firing
was not inhibited by Cs* (3 mM), which
blocks I, in dopamine-containing cells
(20). We next hypothesized that Na* entry
through NMDA-gated channels activated
an electrogenic Na* pump. Both strophan-
thidin (2 to 10 pM, n = 5) and ouabain (2
to 10 puM) (n = 6) blocked burst firing in
NMDA (Fig. 1E) but had little or no effect
on the regular spike discharge observed in
the absence of NMDA. Similar results were
seen in the presence of dinitrophenol (30 to
100 uM) (n = 5) and in solutions without
glucose (n = 3), both of which would be
expected to inhibit active Na™ extrusion.

Voltage-clamp experiments supported
this hypothesis (21). The membrane was
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Fig. 1. NMDA induces burst firing. (A) Single
spike firing (left), which is typical of dopamine
neurons under control conditions, is converted
to burst firing by NMDA (right). (B) Burst firing is
not blocked by Ca?*-free solution: (left) control,
(middle) 15 min after changing to Ca2*-free
solution, and (right) wash. (C) Rhythmic hyper-
polarizations persist in TTX (1 pM), although
action potentials are blocked. (D) Rhythmic
hyperpolarizations in TTX (1 wM) are reversibly
blocked by Na*-free solution. In all recordings,
a steady hyperpolarizing current (150 to 300
pA) was applied in the presence of NMDA (20
M) to maintain the spike threshold at the same
potential (about —50 mV). All recordings were
in apamin (100 nM). In (B) the solution also
contained 3.2 mM Mg2* and 3 mM Cs*. (E)
Bursting is blocked by strophanthidin (2 pM)
(5-min application). Apamin (100 nM) was pre-
sent. In strophanthidin, the holding current at
—60 mV was increased from —200 to —260 pA.

depolarized from —60 to —40 mV for 1 s to
simulate the depolarization that underlies
the burst of action potentials; the action
potentials themselves were blocked by
TTX. In NMDA, although not in kainate
or quisqualate, the depolarization was fol-
lowed by an outward tail current that
peaked quickly at 100 to 250 pA and then
declined during a few seconds (t = 1.3 =
0.15s,n = 10) (Fig. 2A). In 10.5 mM K+
the current was larger and declined more
rapidly (Fig. 2B). Most striking was the
result that the current remained large and
outward even at or beyond the K* equilib-
rium potential (6, 7) (Fig. 2, Band C). The
tail current was also blocked by all the
procedures that inhibited burst firing, in-
cluding strophanthidin (3 to 10 pM, n =
2), ouabain (1 to 3 pM, n = 3) (Fig. 3A),
low K* concentration (0.5 mM) (Fig. 3B),
low Na* concentration (20 mM, n = 3)
(Fig. 3C), dinitrophenol (30 to 100 uM, n
= 2), and glucose-free solution (n = 3).
We conclude that Na* ions enter the
neuron through NMDA-gated channels;
this current is regenerative because of the
negative slope conductance at these poten-
tials (13). The rapid increase in intracellular
Na* concentration activates a ouabain-sen-
sitive pump. The outward current from the
pump ends the burst by hyperpolarizing the
neuron, which thereby leads to Mg?* block
of the NMDA current. As the intracellular
Na™ concentration falls, the pump current
declines, and unopposed NMDA current
initiates the next cycle of burst firing. Addi-
tion of strophanthidin (5 pM) in the pres-
ence of NMDA caused a net shift of holding
current of 540 = 87 pA (n = 5) at —60 mV;
for a spherical neuron of 15-pwm radius, this
is within the range of electrogenic pump
currents measured in other cells (22). Al-
though these results clearly show that burst
firing produced by NMDA in vitro is not
Ca’*-dependent, it is possible that other
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outward tail currents.
(A) Depolarization from
—60to —40mV for1s
in control superfusate
(TTX, 1 pM; apamin,
100 nM; Cs*, 3 mM)
induced no significant
tail current (left). In
NMDA (20 uM) (cen-
ter), a large outward tail
current is recorded af-
ter the voltage step. In
NMDA and APV (50
wM) (right) the outward
tail current is reduced.
Holding currents at
—60 mV were —130 pA
(left), —650 pA (center),
and —340 pA (right).
(B) The outward tail
current is increased at
high extracellular K*
concentration (10.5
mM) (lower trace) com-
pared to normal (2.5
mM)  (upper trace).
Voltage steps were
from —60 to —40 mV for
1 s and then back to
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potentials in 2.5 and
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Fig. 3. Electrogenic pump current causes hyperpolarization between bursts. NMDA (20 pM) was
present in all experiments illustrated. (A) The outward tail current in NMDA is blocked by ouabain
(2 wM) (10-min application). In ouabain, the holding current at —60 mV was increased from —410
to —800 pA. Tetraethylammonium (10 mM), TTX (1 mM), and apamin (100 nM) were present. (B)
Low K* (0.5 mM) concentration (5 min) reduced the NMDA-induced tail current. TTX (1 wM) and
apamin (100 nM) were present. (C) Low Na* (20 mM) concentration reduced the NMDA-induced
tail current (control was 146 mM). TTX (1 uM), apamin (100 nM), Cs* (3 mM), and high Mg?+ (3.2
mM) were present. Choline substituted for Na* in scopolamine (1 wM). The current during the
depolarizing pulse turns strongly outward at low Na* concentration because the voltage-dependent
K* current is not fully opposed by the inward NMDA-induced current.

mechanisms might also contribute in vivo.
For example, Grace and Bunney (3) showed
that intracellular loading of Ca?* evoked
bursts of action potentials in dopamine neu-
rons in vivo.

A burst of action potentials releases more
dopamine in projection areas than does the
same number of evenly spaced action poten-
tials (23). In mammals, including primates,
single-spike firing in dopamine cells is
thought to have a permissive role in initiat-
ing movement, whereas burst firing is corre-
lated with behavioral arousal and motivation
(24). We hypothesize that the frontal cor-
tex, which sends a major excitatory amino
acid—containing input to dopamine neurons
(10), controls burst firing in dopamine cells
in vivo (9). Indeed, loss of behavioral arous-
al and motivation are common symptoms of
lesions in frontal lobes (25) and dopamine-
containing pathways (26). In contrast, ex-
cessive burst firing might be expected to
cause psychopathology, such as schizophre-
nia (27). There is evidence that abnormal
cytoarchitecture in the cerebral cortex may
be the primary defect in schizophrenia (28);
this could lead to abnormal control of dopa-
mine neuronal activity by cortical inputs.

About 40% of the metabolic activity of
brain is devoted to supplying energy for the
adenosine triphosphate (ATP)—dependent
Na*/K* ion pump (29). When intracellular

Na™ concentrations rise, which occurs dur-
ing synaptic stimulation from inputs con-
taining excitatory amino acids, this metabol-
ic activity must increase. Failure to maintain
intracellular Na* homeostasis is neurotoxic
(30). In patients with Parkinson’s disease,
dopamine neurons may be deficient in mito-
chondrial enzymes necessary for the manu-
facture of ATP (31). Therefore, it is possible
that excitatory amino acids are especially
toxic to dopamine neurons in Parkinsonian
patients (32) because these cells cannot keep
pace with the energy requirements of the
Na*/K* ion pump.
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