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Abstract

In addition to firing in a single spiking mode, dopamine (DA) cells have been observed to fire in a bursting
pattern with consecutive spikes in a burst displaying progressively decreasing amplitude and increasing
duration. In vivo intracellular recording demonstrated the bursts to typically ride on a depolarizing wave (5 to
15 mV amplitude). Although the burst-firing frequency of DA cells showed little correlation with the base line
firing rate, increases in firing rate were usually associated with an increase in burst firing. Increases in burst
firing could also be elicited by intracellular calcium injection and could be prevented by intracellular injection
of EGTA, suggesting a calcium involvement in bursting. Blockade of potassium conductances with extracellular
iontophoresis of barium or intracellular injection of tetraethylammonium bromide could also trigger an
increased degree of burst firing in DA cells. These data suggest that the increased calcium influx accompanying
an increased firing rate triggers burst firing, possibly by inactivating a potassium conductance. A switch from
a single spiking mode to a burst-firing mode may be important in modulating striatal DA release, as shown for

burst firing in other preparations.

In addition to firing in an irregular interval, single spiking
mode, nigral dopamine (DA) cells also fire in bursts. When
recorded in chloral hydrate-anesthetized or gallamine-para-
lyzed animals, these bursts are composed of a series of 2 to 10
spikes of progressively decreasing amplitude and increasing
duration (Bunney et al., 1973; Grace and Bunney, 1983a, b). In
drug-free, freely moving animals, as many as 23 spikes have
been recorded in a burst (Meltzer and Bunney, 1984). Since
switching from a regular firing to a bursting mode in other
preparations has been correlated with large increases in post-
synaptic efficacy (Gillary and Kennedy, 1969a, b) and with
neurohormone release in both vertebrate (Hayward and Jen-
nings, 1973; Lincoln and Wakerly, 1974; Dreifuss et al., 1976,
1978) and invertebrate (Gainer, 1972a, b, ¢; Vincent et al., 1978;
van Swigchem, 1979) nervous systems, the mechanism by which
DA neurons change from single spiking to bursting was exam-
ined. An abstract of these data has been presented (Grace and
Bunney, 1983d).

Materials and Methods
The methods used were the same as detailed in the previous paper

(Grace and Bunney, 1984), with the following additions.
Microiontophoresis. During some extracellular recording experi-
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ments, drugs were applied locally to DA neurons by means of microion-
tophoresis in order to test their effects on the firing patterns of DA
neurons. Five-barrel micropipettes were pulled with a Narishige pipette
puller, and the center (recording) barrel was filled with 2% pontamine
sky blue dissolved in 2 M NaCl. The three outer barrels were filled with
sodium glutamate (0.2 M, pH 8.0), tetraethylammonium bromide (TEA,
1Min 1M NaCl, pH 7.0), 0.1 M barium chloride, 0.2 M calcium chloride,
0.2 M cadmium chloride, 0.2 M cobalt chloride, 0.2 M magnesium
chloride, or 0.2 M sodium chloride (all at neutral pH). A retaining
current was applied to retard leakage of the drugs or ions, with allow-
ances made for the “warmup” effect due to the ionic dilution at the tip
of the iontophoretic electrode (Bloom, 1974, 1975).

Interspike interval histograms. Spike trains were analyzed on-line
using a PDP 11/34 minicomputer. Interspike interval histograms of
512 bins with binwidths of 1 to 5 msec were collected using the window
discriminator output. Simultaneous analysis of burst firing was also
performed. Due to the nature of DA cell bursts (i.e., increasing inter-
spike intervals as the burst progresses), the computer was instructed
to recognize a burst onset as the concurrence of two spikes with an
interspike interval of less than 80 msec. Burst termination was defined
as an interspike interval greater than 160 msec. These values were
determined by numerical analysis of a number of digitized single bursts,
as described under “Results.” Bursts were analyzed for the following
components: (I) mean interspike interval within a burst, (2) mean
interburst interval, (3) number of burst-related events, (4) number of
occurrences of bursts in each burst length category,(5) mean interspike
interval relative to the position of spikes in the burst, and (6) postburst
inhibition interval with respect to the number of spikes in the burst.
Poststimulus time histograms were also generated and analyzed on-
line and off-line.

Intracellular injections of ion-specific compounds. A series of com-
pounds was injected into DA cells in order to identify the ionic currents
responsible for mediating their action potential waveform and firing
pattern. Intracellular injections were accomplished by filling the re-
cording electrode with the proper solutions and allowing diffusion of
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the compounds under study into the DA cells during recordings. These
compounds included: (1) calcium (20 mM calcium chloride dissolved in
3 M potassium acetate), (2) the calcium chelator ethylene glycol bis (8-
aminoethylether)-N,N’-tetraacetic acid (EGTA, 0.1 M in 3 M potassium
acetate), and (3) the potassium channel blocker TEA (1 M in 3 M
potassium acetate), all at neutral pH.

Results

Burst firing in DA neurons consisted of trains of two or more
spikes occurring within a relatively short interval and followed
by a prolonged period of inactivity. Moreover, successive action
potentials within the burst were of decreasing amplitude and
increasing duration, and the interspike interval tended to in-
crease as the burst progressed. These spontaneously occurring
bursts were observed in both extracellular and intracellular
recordings from DA cells (Fig. 1).

Extracellular recording

Determining burst parameters. Burst characteristics were
compiled during extracellular recording, since the DA cell-firing
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Figure 1. Spontaneus occurring bursts recorded extracellularly and
intracellularly in DA neurons. Top, During extracellular recording, DA
cells were often observed to fire spontaneous bursts consisting of 3 to
10 spikes of decreasing amplitude and increasing duration. Interspike
intervals within the burst were typically near 70 msec and usually
increased as the burst progressed. Bottom, DA neurons recorded intra-
cellularly were also observed to spontaneously fire in bursts, The spikes
within the burst also displayed progressive increases in duration and
decreases in amplitude, with similar temporal relationships as observed
extracellularly. The burst was also observed to ride on a depolarizing
wave which often extended beyond the last spike in the burst before
repolarizing.
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pattern was considered to be less altered by this recording
process than by intracellular recording. Numerical values for
determining the beginning and end of a burst were first ap-
proximated by digitally analyzing a number of spontaneously
occurring bursts captured on a digital oscilloscope. All bursts
began with a pair of spikes with an interspike interval of 80
msec or less, whereas an interspike interval of this duration
rarely occurred in nonbursting cells. The burst upper limit was
chosen to be twice this amount for the following reasons: (1)
the interspike interval was observed to increase as the burst
progressed; (2) occasionally, a spike would be “missed” late in
the burst, with subsequent spikes clearly being a part of the
same burst (as determined by their relative amplitude and
duration), and (3) bursts were always terminated by long pe-
riods of silence, thus reducing the chance of a nonburst inter-
spike interval occurring within this range. These values were
then tested during computer data acquisition and analysis.
Since the on-line computer analysis signaled each time bursts
were detected, on-line comparisons of computer-detected bursts
could be compared with the audio output of the cells’ firing
pattern, thus allowing us to determine whether the computer
was detecting false positives or missing bursts in its analysis.
Secondly, the burst parameters could be varied to allow com-
parison of the resultant interspike interval standard errors; a
large standard error most likely indicating that more nonburst
events were scored as bursts. After extensive analysis of a
number of parameter combinations (N = 25 cells) the assigned
values of 80 and 160 msec were determined to agree most
closely with our observations of DA cell burst activity.

Burst firing characteristics. Of 75 DA cells analyzed, 55%
demonstrated burst-firing activity, defined in this analysis as
having, in addition to a number of shorter two-spike burst
doublets, a minimum of two three-spike bursts out of 500
consecutive spikes. This subset of cells was then used to compile
burst firing statistics (all statistics are given as mean + SD).
Burst-firing DA cells tended to fire an average of 29 + 24% of
their spikes in bursts. The average interspike interval within
bursts was 73 + 13 msec (N = 3520 intervals, 44 cells). However,
DA neurons tend to fire in bursts of increasing interspike
interval. Thus, when the position of the spike in the burst is
taken into account, the first interspike interval (62 = 7 msec,
N = 44 cells, 1928 bursts; Fig. 2) was found to be significantly
less then the overall interspike interval (p < 0.001). Following
each burst there was an average postburst inhibitory period of
343 + 112 msec (N = 1803 bursts) until the next event (spike
or burst) was detected. This delay showed a tendency to in-
crease with increasing numbers of spikes within a burst but did
not reach statistical significance.

DA neurons fire bursts with a mean length of 2.9 spikes (N
= 2190 bursts), and an average of 40 bursts produced per 500
spikes (N = 50 cells). When the burst size data are compiled
into a histogram, one can observe that the greatest number of
burst events occurs in two-spike burst doublets (Kandel and
Spencer, 1961; Calvin, 1974; Benjamin and Swindale, 1975;
Calvin and Loeser, 1975; Benjamin, 1978), with bursts of more
than six spikes being comparatively infrequent (Fig. 34). How-
ever, the burst size distribution is different in a rapidly bursting
cell. Compiling data from the five cells encountered which
displayed more than 70% of their spikes in bursts, the average
number of spikes per burst increases to 3.7 (N = 486 bursts,
average 96 bursts/500 spikes; Fig. 3B), and the distribution of
burst sizes is more equitable across bins. In both moderate
bursters and rapid bursters, however, there is a rapid dropoff
in bursts containing more than six spikes.

Past experience has led us to believe that burst firing is
associated with faster firing DA cells—i.e., rapidly bursting
cells tended to be firing faster, and drugs which increased DA
cell-firing rate tended to increase burst firing as well. However,
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Figure 2. Interspike interval observed between consecutive burst-
related spikes relative to their position within the burst. The mean
interspike interval between spikes occurring in bursts was found to be
about 70 msec. However, if the interspike interval is expressed relative
to the position of the interval in the burst, the first interspike interval
is found to be significantly (p < 0.001) shorter than are the subsequent
intervals. In addition, both the variability of this interval within single
cells (expressed as average standard deviation) as well as the variability
of this interval between different cells (expressed as the standard
deviation of the mean) are much smaller than are the same values
determined by averaging all interspike intervals without regard to their
position. The high variability of subsequent interspike intervals may
be due to the inability to analyze the values according to length of the
bursts, e.g., the value for the second interspike interval would be an
average derived from three-spike bursts (where this value would be the
last interspike interval) as well as from eight-spike bursts (where this
interval would still occur relatively early in the burst event).

2879

when the base line firing rate of cells is plotted against the
percentage of burst firing the DA cells are exhibiting, the
correlation is very low (r = 0.38, SE = 20.4, N = 75 cells; Fig.
4). In fact, cases of slowly firing cells displaying higher degrees
of bursting, as well as fast cells displaying essentially no burst
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Figure 4. Relationship between DA base line firing rates and the
percentage of the spikes occurring in bursts, observed extracellularly.
Burst-related spikes were defined as described under “Materials and
Methods.” Overall, only a low correlation was observed between the
base line firing rates of the DA neurons sampled and their degree of
burst firing.

Figure 3. Distribution of burst sizes
(number of spikes per burst) occurring
spontaneously in DA neurons. A, When
all burst-firing neurons are taken into
account, the average burst was highly
skewed toward the smaller-size bursts.
B, If only cells which fire 70% or more
of their spikes in bursts are included in
the histogram, the average burst size in-
creases to 3.7 spikes, with less skewing
of the distribution. In both cases, how-
ever, a rapid falloff of burst size occurs
at the 6 spikes/burst bin.
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activity, were documented (Fig. 5). Thus, there is very little
correlation between the base line firing rate and burst firing.
However, the story is quite different when the firing rate of an
individual cell is considered. When the rate of firing is increased
by iontophoresis of the excitatory amino acid glutamate, the
increase in firing rate produced by glutamate is highly corre-
lated with the increase in the percentage of burst-related spikes
(N = 25; average increase in rate = 46.8 + 8.6%; average
increase in bursting = 349%, Table I; correlation of firing with
bursting: average r = 0.96 x 0.2, range = 0.92 to 0.99, p < 0.001,
Fig. 6). In addition, the number of spikes per burst increased
by 34.5% (p < 0.01, Table I). Similar results were also obtained
with cholecystokinin (CCK) iontophoresis onto A10 DA cells.
Thus, whereas the base line firing rate of DA cells shows little
correlation with the amount of burst firing they are producing,
increases in firing rate are highly correlated with this phenom-
enon.

By using extracellular microiontophoretic techniques, an at-
tempt was made to determine the ionic requirements for burst
firing. Because the literature on burst firing in a variety of
other preparations indicated an involvement of calcium and/or
potassium in its modulation, an investigation using various

Grace and Bunney
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applied by extracellular microiontophoresis, the possibility of
current contamination of the cell-firing pattern had to be taken
into account. To keep current artifacts at a minimum during
microiontophoresis, only small ejection currents (i.e., under 5

TABLE [
Effects of iontophoretically administered drugs on DA cell burst firing®

Percentage Change Percentage Change Number of
Compound

Tontophoresed le';ntrexilg l?g::gst Spg:rssi)er
Glutamate 25 +46.8 + 8.6 +349°¢ +34.5¢
TEA 10 -1.0+59 +69 +23.0
Barium 10 +28.6 + 6.8 +2520¢ +59.6¢
Calcium 17 -148 + 3.1 —67¢ -17.6
Cobalt 12 +7.6 6.1 +38 +4.9
Cadmium 3 +52.7+ 11.8 +978¢ +37.7¢
Magnesium 3 -93+22 —50 —14.0

e Percentages indicate relative change from base line values.

b Not included in statistical analysis due to difficulty in determining
standard deviation in base line firing rate, since all base line firing
rates were normalized to 100% (mean = SD).

ionic species known to interact with these ion channels was ‘p <0.01.
performed. Since the ions in this set of experiments were 4p < 0.05.
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Figure 5. Interspike interval histograms of representative DA neurons demonstrating the independence of firing frequency and degree of burst
firing. A, A slow-firing DA neuron has a fairly normal distribution of interspike intervals and hence is not burst firing. B, In contrast, slow-firing
neurons are occasionally observed to fire a large percentage of their spikes in bursts, as can be seen by the skewed distribution of the interspike
intervals. Fast-firing DA neurons have also been observed to fire in rapid, even patterns without bursts (C) or in rapid burst-firing patterns (D).
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Figure 6. Correlation of changes in DA cell firing rate with burst
firing. Increases in the firing rate of this DA neuron produced by
glutamate iontophoresis are highly correlated with increases in burst
firing frequency. Thus, glutamate iontophoresis increases the firing
rate of this cell by 60%, while at the same time increasing burst firing
more than 20-fold. Similar increases in firing rate and burst firing have
been observed with systemic haloperidol administration and CCK
iontophoresis onto A10 DA cells.

nA; tyically 2 nA) were used to eject the ions from the pipette.
The following divalent cations were used: (1) calcium, to at-
tempt to alter calcium flux across the membrane; (2) magne-
sium, to control for the “membrane-stabilizing” properties of
calcium (Frankenhauser and Hodgkin, 1957; Hillman and
Mcllwain, 1961); (3) cobalt and (4) cadmium, which are calcium
channel blockers; and (5) barium, an ion known to enter cells
through calcium channels and block potassium channels intra-
cellularly. In addition, the potassium channel blocker TEA was
also tested.

Both calcium and magnesium tended to decrease the amount
of bursting compared to controls (39.2% of base line, n = 17,
and 50.0% of base line, N = 5, Table I), although only the
decreased burst firing produced by calcium iontophoresis
reached statistical significance (p < 0.05). Both calcium and
magnesium also caused some decreases in firing rates (14.8%
and 9.3% of base line, respectively; Table I). Thus, it was
impossible to distinguish changes in bursting induced by the
effects of these ions on firing rate from their direct effects on
burst mechanisms.

Cobalt iontophoresis caused a nonsignificant rise in bursting
(38.2% increase, N = 12) in addition to a small increase in
firing rate (7.6%, Table I). In addition, despite the small num-
ber of times it was successfully applied (N = 3), another calcium
antagonist, i.e., cadmium, caused a significant increase in the
percentage of burst-related events (978% increase over base
line, p < 0.05, Table I) and induced a 53% increase in firing
rate. Although this represents a large increase in bursting
induced by cadmium over that seen even with glutamate-
induced bursting, each application of cadmium was associated
with a large amount of electrical noise. It is possible that
cadmium may be acting in a manner other than calcium block-
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ade, since the calcium blocker cobalt did not mimick these
actions.

Barium had very strong effects on the degree of burst firing.
Bursting was increased an average of 2520% over base line
frequency (N = 10, p < 0.001, Fig. 7), whereas firing rate was
increased only 28.6%. Barium also caused a 59.6% increase in
the average number of spikes in a burst (p < 0.01, Fig. 7). TEA,
however, had little effect on bursting when administered by
extracellular microiontophoresis. Overall, TEA applied extra-
cellularly resulted in a nonsignificant increase in burst firing
(69%, range = —35% to + 132%, N = 10). This was accompanied
by little change in firing rate, although cells often demonstrated
a tendency toward decreased amplitude and increased duration
spikes without an increase in firing rate.

Thus, the above data suggest that the degree of burst firing,
while not necessarily showing a correlation with the base line
firing rates of DA neurons, is strongly affected by changes in
firing rate. In addition, barium markedly increases the per-
centage of spikes occurring in bursts. Since barium is known
to interact with both calcium and potassium channels, an
investigation into burst firing using intracellular recording
techniques was performed in order to try to distinguish the
conductance changes involved in the initiation of burst firing.

Intracellular recording

Since increasing the firing rate of DA neurons by glutamate
effectively increased the amount of burst firing observed during
extracellular recording, the effects of depolarization on DA
neuron firing patterns during intracellular recording was tested.
Unlike other systems, a burst could never be triggered by a
short (i.e., 25 msec) depolarizing pulse, regardless of whether
or not the cell was bursting spontaneously. Longer depolarizing
pulses (i.e., 100 to 200 msec), however, had a differential effect
on bursting versus non-bursting cells—a square pulse produced
a series of equal amplitude spikes which accommodated quickly
in nonbursting DA neurons, whereas bursting neurons re-
sponded by firing spikes of decreasing amplitude which often
progressed to spike inactivation. This differential effect proved
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Figure 7. Effects of barium iontophoresis on DA cell burst firing.
Tontophoretically applied barium resulted in a progressive increase in
the percentage of spikes occurring in bursts, as indicated by the solid
line. In addition, barium also resulted in an increase in the length of
the bursts, as shown by the dashed line. Thus, the increased burst firing
produced by barium resembles bursting seen in DA cells with high
levels of base line burst activity; i.e., increases in burst firing are
associated with increases in the number of spikes per burst.
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reliable in determining whether a DA cell is in a burst-firing
mode. Long-term intracellular injection of depolarizing current
(between 0.3 and 0.5 nA applied for periods of time on the order
of minutes) reliably caused all non-burst-firing DA neurons
tested to fire in bursts (N = 9, Fig. 8). Bursts were up to six
spikes in length and had interspike intervals of approximately
65 msec. The spikes within each burst were of decreasing
amplitude and increasing duration, as seen extracellularly in
spontaneously bursting neurons. Each spike was found to be
riding on a depolarizing wave. There was still a large afterhy-
perpolarization (AHP) present following spiking, both before
and during depolarization (Fig. 8B), although it was difficult
to estimate whether they differed in size from control AHPs
due to the voltage dependency of the response (Gorman and
Thomas, 1980; Hofmeier and Lux, 1981; Woolum and Gorman,
1981; Adams et al., 1982; Lux and Hoffmeier, 1982). Thus, it
could not be determined whether the calcium-activated potas-
sium conductance (Ixca,) was altered during the transition to
burst firing. All responses demonstrated a time-dependent re-
versal upon repolarization of the neuron.

Resistances estimated by depolarizing pulses are typically
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less than resistance measurements obtained with hyperpolar-
izing pulses, due to activation of rectifying potassium conduct-
ances by the depolarization (Lewis and Wilson, 1982). Thus,
depolarization of DA neurons resulted in decreases in mem-
brane input resistances. However, if the depolarizations were
maintained, a gradual return of the input resistance to base
line resistance values was observed (N = 5, Fig. 9). This change
was typically associated with the onset of burst firing.

Thus, burst firing can be initiated by depolarizing current
injection and is typically accompanied by a time-dependent
increase in input resistance. Depolarization, under these con-
ditions, could elicit burst firing in at least two ways: (I) by
directly affecting the membrane properties of the DA cell, or
(2) by increasing spike frequency and thereby affecting the
membrane indirectly. Such a spike-related mechanism could
act through increased calcium influx. Therefore, calcium was
injected into DA neurons to study its effects on firing pattern.

Calcium was found to induce burst firing rapidly in all cells
tested (N = 6). Within 5 to 10 min after penetration with a
calcium-containing electrode, DA neurons began firing in a
bursting pattern. The resultant pattern had an interspike in-

.2 Sec

—
1.0 mSec

Figure 8. Effects of long-term depolarizing current injection on the firing pattern of DA neurons recorded intracellularly. A, Control response
of a nonbursting DA neuron to a depolarizing pulse (1.5 nA). The resultant spike train shows little change in spike amplitude, in addition to
demonstrating a progressive accommodation to the excitatory stimulus. These features are characteristic of control responses elicited in DA
neurons in response to depolarizing stimuli. B, Following long-term depolarization (e.g., to —48 mV membrane potential for a period of 3 min or
more), a smaller amplitude depolarizing pulse (0.5 nA) produces a larger number of spikes displaying progressively increased duration and
decreased amplitude. The AHP occurs at the termination of the depolarizing pulse in the normal manner. C, A spontaneously occurring burst in
a DA neuron induced to burst fire by depolarization. This burst has the characteristic progressively increased duration and decreased amplitude
spiking typically associated with DA cell bursts. D, Overlay of spontaneously occurring DA cell spikes recorded extracellularly during burst
firing, to illustrate the changes in spike shape observed in burst-firing DA cells.
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RESISTANCE CHANGES WITH DEPOLARIZATION INDUCED BURSTING
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Figure 9. Effects of depolarizing current injection on the membrane potential and input resistance
of DA cells during intracellular recording. Intracellular injection of depolarizing current (0.25 nA at
bar) depolarized the membrane potential (dashed line) and decreased the input resistance (solid line)
of this DA cell, as reported for many other preparations during accommodation responses. However,
as the depolarization is maintained, the input resistance gradually increases to and surpasses control
levels. This is typically associated with an increase in burst firing in DA cells. A corresponding
increase in the level of depolarization also occurs secondary to this increase in input resistance,
suggesting a decreased conductance to ions with reversal potentials negative to the membrane
potential. Cessation of the depolarizing stimulus results in repolarization of the DA cell and
subsequent normalization of the input resistance. Time between determinations was typically 0.5 to

1.5 min.

terval (64 = 11 msec) which was similar to that observed
extracellularly in spontaneously bursting DA cells. Intracellular
injection of calcium was found to be the most potent manipu-
lation tested in increasing burst firing in DA cells. Depolarizing
pulses elicited a train of spikes of decreasing amplitude and
increasing duration, even when the soma was hyperpolarized
well below firing threshold (Fig. 10). This response was not due
to the leakage of a small amount of chloride from the calcium
chloride electrodes, since electrodes filled with 3 M potassium
chloride did not affect burst firing or the response to a depo-
larizing pulse. Calcium-induced bursts contained six to eight
spikes and resulted in averages of 47% of the spikes occurring
in burst-related events in DA cells which were initially non-
bursting (Fig. 11). Interspike intervals of spikes occurring
within bursts centered around 65 + 20 msec. No significant
alteration of the membrane potential was noted at the onset of
burst firing with injection of this ion (resting potential = 54.0
+ 4 mV, mean * SD). Furthermore, no inactivation of the
Ixcay could be observed, since AHPs following depolarizing
pulses were still present and even demonstrated a trend toward
increased amplitude over control conditions. However, cells
impaled with calcium-containing electrodes demonstrated a
degradation of spike amplitude and typically inactivated upon
long-term impalements. Although this effect could not be dis-
sociated from possible injury, it was consistently observed with
each stable, long-term impalement of DA neurons with calcium-
containing electrodes.

Thus, it appears that calcium influx induced by increases in
spike frequency results in an initiation of burst firing. In order
to substantiate the calcium requirement for burst firing, the

effects of intracellular injection of the calcium chelator EGTA.
on depolarization-elicited bursting were tested. EGTA injection
into DA cells resulted in an increase in the excitability of the
cells in response to depolarizing pulses. However, in each case,
all elicited spikes were of equal amplitude and duration and
occurred at nearly equal interspike intervals-—a result very
different from that seen during burst firing. Even long-term
depolarization and large amplitude pulses did not trigger bursts
or decreasing amplitude spikes (N =9, Fig. 12). Typically, long-
term depolarization in the presence of EGTA resulted in inac-
tivation of spontaneous discharge altogether.

Thus, depolarization appears to lead to burst firing by in-
creasing spike frequency which, in turn, leads to an increase in
calcium influx. This calcium influx may be indirectly respon-
sible for the increase in input resistance observed with the
onset of bursting. Although the conductances altered by calcium
influx could not be directly determined, drawing from these
results, one possible manner in which calcium could lead to an
increase in burst firing is by inactivation of a depolarization-
elicited potassium conductance. This interpretation is consist-
ent with the barium-induced bursting reported above, as well
as the observed increase in input resistance which occurs at the
onset of bursting. Thus, in order to determine whether potas-
sium may also play a role in burst firing, the response of DA
cells to intracellular injection of the potassium blocker TEA
was evaluated. Intracellular injection of TEA consistently pro-
duced burst firing soon after impalement (less than 5 min, N
= 6). Spikes demonstrated a decreasing amplitude/increasing
duration spike train in response to a depolarizing pulse (Fig.
13). Furthermore, all of these changes preceded the TEA-
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Figure 10. Effects of intracellular calcium injection on DA neuron electrophysiology. Impalement of a DA neuron with an electrode containing
calcium chloride (20 mM) leads to initiation of spontaneous burst firing (4). The DA neuron also responds to a depolarizing pulse (0.5 nA) in a
manner consistent with the burst firing mode (B); i.e., with spikes of increasing duration and decreasing amplitude. Burst firing appears to be
maintained by a depolarizing wave following a prior burst-related spike. Thus, although this wave is absent following spikes prior to the injection
of calcium (C, bottom trace), the depolarizing wave can be observed to develop during bursting following calcium injection (arrow).
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Figure 11. Effect of intracellular calcium injection on the firing pattern of nigral DA cells. In the first few minutes following impalement with
a calcium-containing electrode, the stabilized DA cell demonstrates its typical slow, single spike firing pattern (fop trace). As calcium leaks from
the electrode into the cell, the pattern slowly changes over the next 10 to 20 min into a burst-firing pattern (second through fourth trace).

induced blockade of the AHP. Actually, continued intracellular ~ dramatic increases in membrane input resistances, as expected.
injection of TEA to the point of inhibition of the AHP often = Membrane resistances increased up to 101 megohms (mean =
resulted in a decreased tendency to fire in bursts (Fig. 13B). 80.2 + 15.0 megohms, N = 6, Fig. 14), although resistance
This decrease in bursting usually required intracellular injec- increases of this magnitude required stable intracellular pene-
tions of TEA for 30 min or longer. TEA also resulted in trations with TEA-containing electrodes for periods of 30 to 60
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Figure 12. Effect of intracellular injection of the calcium chelator
EGTA on depolarization-elicited burst firing in DA neurons. After
injection of EGTA, injection of progressively increasing levels of con-
stant depolarizing current (A to C) increases the firing rate of this DA
neuron, as can be observed by the decreased interspike interval. How-
ever, in the presence of intracellular EGTA, the long-term depolariza-
tion does not alter its firing pattern. Instead of initiating a burst-firing
pattern, the DA cell retains its pacemaker-like firing characteristics
and merely fires at a faster rate in response to increasing levels of
depolarization (membrane potentials are —56 mV, —46 mV and —42
mV, respectively). Even when the DA cell is depolarized to the point
where spontaneous activity ceases, a depolarizing pulse is still unable
to produce the characteristic changes in spike shape typical of DA cells
capable of firing in bursts (not shown).

minutes or longer. The cells also depolarized in response to
long-term TEA injection (average resting potential = 47 + 3
mV, as compared to control levels of 55 + 2.9 mV) but still
fired action potentials spontaneously.

Discussion

DA neuron burst firing in gallamine-paralyzed or chloral
hydrate-anesthetized rats consists of spike trains typically con-
taining three to six action potentials, with each consecutive
spike displaying a progressive increase in duration and decrease
in amplitude. The spikes occurring within bursts exhibit com-
paratively short (i.e., 60 to 70 msec) interspike intervals and
are terminated by longer periods of inactivity. More than half
of the DA neurons sampled displayed some burst activity
(defined as at least two three-spike bursts during a 500-spike
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period). Bursting DA neurons fire about 30% of their action
potentials in bursts, with a maximum observed percentage of
burst-related spikes being 74%. The average burst consists of
about three spikes, with rapidly bursting neurons emitting an
average of four spikes per burst.

Burst firing in DA neurons has classically been associated
with the faster firing cells. However, there is little correlation
between rate of bursting and base line firing rate. On the other
hand, burst firing is very well correlated with changes in firing
rate. Thus, GABA iontophoresis (Aghajanian and Bunney,
1977) and intravenous apomorphine administration (Grace and
Bunney, 1983a) both caused DA cells to stop firing in bursts,
whereas glutamate or CCK iontophoresis, intravenous antipsy-
chotic drugs, and long-term intracellular depolarization caused
nonbursting DA neurons to begin burst firing. These depolari-
zation-initiated bursts are similar in size and interspike interval
to those seen in spontaneously bursting DA cells.

To investigate the ionic mechanisms underlying burst firing,
the influence of extracellularly administered ions on DA cell
bursting was investigated. Calcium, administered extracellu-
larly, produced a trend toward decreased burst firing. However,
this decrease in bursting may have been mediated through a
decrease in excitability, which has been associated with extra-
cellular calcium administration (Frankenhauser and Hodgkin,
1957; Hillman and Mcllwain, 1961; Krnjevik, 1965; Kato and
Somjen, 1969; Kelley et al., 1969; Hahin and Campbell, 1983).
In other systems, this decrease in excitability appears to be
mediated by an action on a voltage-dependent sodium channel
rather than a hyperpolarization or a change in conductance
(Brink, 1954; Blaustein and Goldman, 1966; Kelley et al., 1969).

Of the ions tested, barium proved most effective in producing
burst firing in DA neurons. Barium is known to act by entering
the cell via calcium channels (Hagiwara et al., 1974; Eckert and
Lux, 1976; Connor, 1977; Gola et al., 1977; Magura, 1977) and
subsequently blocking voltage-dependent (Hermann and Gor-
man, 1979; Adams and Gage, 1980) and calcium-dependent
(Gola et al., 1977; Magura, 1977; Gorman and Hermann, 1979;
Hermann and Gorman, 1979; Adams and Gage, 1980) potas-
sium conductances (Eaton and Brodwick, 1978, 1980; Stanfield
and Standen, 1978; McAfee and Yarowsky, 1979; Armstrong
and Taylor, 1980). In the hippocampus, barium was also found
to increase burst firing (McAfee and Yarowsky, 1979; Johnston
et al., 1980; Hotson and Prince, 1980, 1981; Hablitz and John-
ston, 1981; Brown and Griffith, 1983a, b). The lack of efficacy
of manganese (a calcium channel blocker) in duplicating this
response led some authors to conclude that the ability of barium
to induce burst firing in the hippocampus is dependent on its
actions on potassium channels other than those activated by
calcium (Hotson and Prince, 1980). Barium also increased the
spike durations of DA cells, as has been reported in other
preparations (McAfee and Yarowsky, 1979; Adams and Gage,
1980; Hotson and Prince, 1980, 1981).

Burst firing in DA neurons was not strongly affected by the
extracellular administration of calcium blockers, such as cobalt.
Cadmium did cause an increase in burst firing, but recent
evidence indicates that cadmium may block a voltage-depend-
ent potassium current (Ix(,) as well as the calcium-dependent
currents (Kostyuk and Krishtal, 1977). The small increase in
burst firing obtained with cobalt may arise from a separate
phenomenon. Thus, in some systems external calcium blockade
by cobalt was shown to be ineffective in eliminating calcium-
mediated effects, since calcium can be stored and released
internally (Akaike et al., 1983). The depolarization-elicited
release of calcium has been described in preparations in which
the neuronal ultrastructure has been characterized by the pres-
ence of numerous subsurface cisternae as well as large amounts
of endoplasmic reticulum (Rosenbluth, 1962; Henkart et al.,
1976; Endo, 1977; Henkart and Nelson, 1979; Akaike et al.,
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Figure 13. Effects of intracellular injection of the potassium blocker TEA on DA neuron electrophysiology. During early periods of TEA
injection (i.e., 15 min or less) (A), DA neurons respond to a depolarizing current pulse (0.55 nA) in the same manner as observed after long
periods of depolarization—with a series of decreasing amplitude/increasing duration spikes. Spontaneous burst firing is also observed during
this period (not shown). In addition, the DA cell action potential gradually increases in duration (C), primarily due to the appearance of a
shoulder on the repolarizing phase of the action potential. These effects have been typically associated with preferential blockage of an Ik, in
other preparations. In contrast, after long periods of TEA injection (45 min or more), a very small depolarizing pulse (0.22 nA) now triggers a
series of spikes of nearly equal amplitude and duration (B). This is usually associated with blockade by TEA of the less sensitive Ik.ca- The
action potentials still continue to increase in duration; however, the increased duration is now due to a slower repolarization toward base line
rather than to accentuation of a shoulder on the falling phase of the spike (D). These data are consistent with the interpretation that TEA first
increases burst firing by blocking a TEA-sensitve Ik, but will eventually decrease burst firing by inhibiting the Ixca).

1983). Indeed, one group of investigators has observed internal
calcium release, transport, and binding to the cell membrane
at the onset of pentylenetetrazol-induced bursting in snail
neurons (Sugaya and Onozuka, 1978a, b, ¢; Sugaya et al., 1978,
19814, b, 1982). Morphologically, DA neurons have been char-
acterized as containing inordinately large amounts of endo-
plasmic reticulum and cisternae (Rinvik and Grofova, 1970;
Gulley and Wood, 1971; Sotelo, 1971; Hokfelt and Ungerstedt,
1973; Sotelo and Riche, 1975; Domesick, 1979, 1981; Hattori et
al., 1979; Mercer et al., 1979; Stinus et al., 1981; Wassef et al.,
1981; Linder et al., 1982; Groves and Linder, 1983). The zona
compacta of the substantia nigra also has high levels of calci-
tonin-binding (Henke et al., 1983; Olgiati et al., 1983) and
calcium-binding protein (Feldman and Cristakos, 1983). In
addition, x-ray microanalysis has shown DA cells to contain
inordinately high levels of calcium (Wood et al., 1983). How-
ever, internal release of calcium has never been demonstrated
in this class of cells, thus making any generalization to the
calcium release phenomenon described in invertebrates purely
speculative. Nevertheless, such a mechanism is consistent with
our observation of burst induction by external calcium blockers
as well as by intracellular calcium administration.

Burst firing can also be initiated by manipulation of intra-
cellular ions and conductances. Thus, intracellular administra-

tion of calcium will lead to bursting, whereas EGTA not only
blocks spontaneous bursting, but also prevents depolarization
from inducing burst firing. Long-term depolarization (on the
order of minutes) results in bursting apparently due to the
intracellular accumulation of calcium ions, which entered the
neuron during spiking. This may imply that, during a normal
firing state, the intracellular calcium is at a steady-state con-
centration, being effectively buffered by fast reuptake mecha-
nisms (Lehninger, 1970; Carafoli and Crompton, 1978; Borle,
1981; Blaustein and Nelson, 1982; Fiskum and Lehninger,
1982). However, depolarization may increase the spike-depend-
ent calcium influx enough to overwhelm the various cellular
calcium uptake mechanisms and thus be capable of initiating a
second response—that of burst firing. Although a mechanism
of caleium action in initiating burst firing cannot be derived
from our data without additional experiments, one possible
mechanism suggested by our data is that the increased intra-
cellular calcium levels may elicit bursting by decreasing a
voltage-dependent potassium conductance. This speculation is
based on the following evidence: (1) the depolarization-elicited
decrease in input resistance (Lewis and Wilson, 1982) is fol-
lowed by an increase in input resistance and a further depolar-
ization after the onset of bursting; (2) the potassium channel
blockers barium (applied externally) and TEA (applied inter-
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Figure 14. DA cell input resistance following long-term (45 min or
more) TEA injection. This is characterized by a marked increase in
input resistance to values 2 to 3 times those observed in the control
conditions. In addition, the TEA will block the anomalous rectification
usually associated with large hyperpolarizations in DA neurons (a
typical response is shown).

nally) initiate bursting, but inactivation of the Ik by longer
periods of TEA injection or by EGTA injection inhibit bursting;
and (3) the action potential broadening accompanying burst
firing, TEA injection, barium administration, and long-term
depolarization has been associated with an inactivation of an
Ik in other preparations (Aldrich et al., 1979a, b; Gorman and
Hermann, 1982; Gorman et al., 1982).

Bursts in DA cells appear to be repolarized by an Ix.), as
described for burst firing in the hippocampus (Alger and Nicoll,
1980; Hotson and Prince,1980; Schwartzkroin and Stafstrom,
1980; Hablitz, 1981a, b; Wong and Prince, 1981) and in a
variety of invertebrate preparations (cf. Meech, 1978, 1979).
However, it is not clear what event triggers this hyperpolari-
zation which terminates the burst. One possibility may be that
repolarization is dependent on the activation threshold of the
Ix(ca. Thus, in the hippocampus (Brown and Griffith, 1983a,
b), in motoneurons (Barrett et al., 1980}, and in sympathetic
ganglia (Brown and Caulfield, 1979), the Ixc. becomes acti-
vated at potentials positive to about —45 mV. This current can
therefore become activated in the short term by an action
potential, and in the long term by a burst which attains a base
line potential positive to —45 mV, and in this way may contrib-
ute to terminating the burst event. In support of this mecha-
nism of burst repolarization, Figures 1 and 11 show that the
waves of depolarization upon which DA cell bursts are super-
imposed do not typically repolarize until 20 to 60 msec after
the last spike in the bursts. It is therefore possible that DA cell
bursts are terminated by an Ik, activated when the wave of
depolarization upon which the burst is superimposed reaches
the threshold for activation of the Ixca).

Comparisons with other burst firing systems. Burst firing has
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been described in a number of invertebrate and vertebrate
preparations. Burst firing in DA neurons, while resembling
burst firing characteristics exhibited in some invertebrate prep-
arations, is nonetheless quite different from burst firing as
described in other vertebrate brain regions. In the vertebrate,
burst firing has been observed in the hippocampus (Kandel and
Spencer, 1961; Schwartzkroin, 1977; Wong and Prince, 1978,
1981), cerebellum (Llinas and Sugimori, 1980), thalamus
(Deschénes et al.,, 1982; Llinas and Jahnsen, 1982), dorsal
column nucleus (Clarke’s column; Calvin and Loeser, 1975),
and the hypothalamus (Dreifuss et al., 1976; Vincent et al.,
1978; Hatton, 1982). However, in all of these regions (with the
exception of the hypothalamus), the burst time course is quite
different from that observed in DA neurons. Thus, the above
regions fire spikes in bursts with an interspike interval of 3 to
10 msec (determined from burst examples presented in the
above citations). This time course is sufficiently short to allow
subsequent spikes in a burst to arise from the AHP rebound of
the previous spike. Thus, at least one of the models proposed
for burst firing in these regions fits well with the observed time
course—the next spike is triggered by a rebound dendritic spike
from the previously occurring action potential (Kandel and
Spencer, 1961; Wong et al., 1979; Llinas and Sugimori,1980;
Llinas and Jahnsen, 1982; Traub, 1982). In DA neurons, how-
ever, the average interspike interval in the burst is more than
70 msec; thus, a rebound dendritic spike would not be a plau-
sible mechanism to account for burst firing. The second spike
in a DA cell burst arises from a slow depolarization, with no
dendritic spikes observed in the process. The only other area
in the vertebrate CNS with bursts of a time course somewhat
similar to that of DA cells was reported in the periventricular
nucleus of the hypothalamus (Hatton, 1982), where an inter-
spike interval of 30 to 40 msec was reported.

Other differences have been noted between burst firing in
DA neurons and bursting neurons observed in other brain
regions. Thus, hyperpolarization will initiate bursting and de-
polarization will inhibit bursting in the hippocampus (Wong
and Prince, 1981) and the thalamus (Llinas and Jahn-
sen,1982)— responses which were opposite to those found in
DA neurons. Furthermore, burst firing in other regions can be
initiated by a short (e.g., 5 msec) depolarizing pulse (Kandel
and Spencer, 1961; van Swigchem, 1979), whereas DA neurons
require long periods of depolarization to initiate bursting and
do not fire bursts in response to short (up to 50 msec) depolar-
izations. Lastly, bursting can be blocked by intracellular injec-
tion of EGTA in DA neurons, but EGTA administered to
hippocampal pyramidal cells has been reported either to not
affect bursting or to actually prolong the burst event (Alger
and Nicoll, 1980; Hotson and Prince,1980; Hablitz, 1981a, b).
In contrast, burst firing in neuron R15 of the invertebrate
Aplysia can be completely suppressed by the intracellular ad-
ministration of EGTA (Gorman and Hermann, 1982). Further-
more, both cell R15 and DA neurons require calcium to elicit
bursts (Meech, 1974; Barker and Gainer, 1975a, b; Gorman and
Hermann, 1982). However, too much external calcium will
decrease bursting in cell R15 due to decreased excitability
(Barker and Gainer, 1975b; Colmers et al., 1982), as shown here
for DA neurons. Whether a similar mechanism for burst firing
is in operation in both preparations has yet to be determined.

Burst-firing neurons have been described as having a number
of charateristics in common. In Aplysia neuron R15 a large
calcium current associated with the action potential, leading to
a large amplitude Ix(c., was considered to be an important
factor in the ability of this cell to fire in bursts (Gorman and
Hermann, 1982). Others have suggested that a large calcium
component of action potentials is involved in the ability of a
neuron to fire in bursts. Thus, during burst firing the long
calcium spike, by increasing the average level of depolarization
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during spiking, will lead to progressive inactivation of the Ixy,.
This would result in further broadening of the action potential
and thus in regeneratively inactivating this potassium current
(Barker and Gainer, 1975a, b; Smith et al., 1975; Aldrich et al.,
1979a, b). Similar observations have been made here for burst
firing in DA cells, suggesting that at least this mechanism
underlying burst firing could possibly be a more widespread
phenomenon.

Significance of burst firing. What role might burst firing play
in DA system function? The nigrostriatal DA system appears
to fire in two very different modes which are distinguished
much more by specific firing patterns than by rate. When
operating in the single spike mode, DA presynaptic autorecep-
tor stimulation might be expected to be diminished and tyrosine
hydroxylase maximally active, increasing DA stores within
terminals (Roth, 1979). A switch to a bursting mode would
cause spikes to summate in the DA terminals of the striatum
and result in a massive DA. release. This would be followed
immediately by a post-burst inhibition of DA neuron firing, an
inactivation of tyrosine hydroxylase by the combined influences
of autoreceptor stimulation and calcium influx (Roth, 1979),
and feedback inhibition of the DA neuron (Grace et al., 1980;
Hommer and Bunney, 1980). When one considers that DA
neurons project in individual groups to small, distinct terminal
fields in the striatum (Swanson, 1982), that massive collater-
alization of DA axons must occur in the striatum within these
small patches (Andén et al., 1966), that synchronized DA cell
discharge occurs as a result of electrical coupling between
neighboring DA cells (Grace and Bunney, 1981, 1983c), and
that single DA neurons have been seen to switch from an
irregular firing pattern to a bursting mode in drug-free unre-
strained animals (Meltzer and Bunney, 1984), a picture emerges
of a small circumscribed group of DA neurons exerting massive
control over a discrete region of the striatum in a pulsatile
manner. Furthermore, if the excitation of the DA neuron is
prolonged, the tendency of the cell to fire in bursts should be
increased and should be accompanied by an activity-related
increase in the rate of tyrosine hydroxylation, thus allowing for
longer-term modulation of DA activity (Roth, 1979). Finally,
with much longer periods of excitation, DA cells appear to go
into a state of depolarization block and cease to fire action
potentials altogether (Bunney and Grace, 1978; Chiodo and
Bunney, 1983; White and Wang, 1983).

In summary, DA neurons appear to be capable of exhibiting
four states: (1) spontaneously inactive due to hyperpolarization,
(2) single spiking, (3) burst firing, and (4) drug-induced depo-
larization inactivation. When firing spontaneously, DA cells
typically fire in a single spike mode with rapid accommodation
to short depolarizing pulses. However, in response to an in-
creased demand, the DA neurons can switch to a burst firing
mode and thus more effectively generate spikes in response to
an excitatory influence. Furthermore, external manipulations,
such as chronic antipsychotic drug treatment, or CCK (Skirboll
et al.,, 1981) or glutamate iontophoresis, can increase the de-
mand on the DA system sufficiently to drive the DA cells into
depolarization block (Bunney and Grace, 1978). The inability
of investigators to find reliable evidence of DA modulation of
striatal neuron firing in response to nigral stimulation may be
related to the pattern of stimulation used. Thus, if short bursts
of stimulating current were used rather than just single pulses,
one might be able to observe more reliably a specific DA action
on postsynaptic cells due to the hypothesized markedly in-
creased release of dopamine. Preliminary evidence suggests that
this is the case (J. O. Schenk and B. S. Bunney, manuscript in
preparation).
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