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Abstract

The amount of dopamine release from terminals in the forebrain following an electrical stimulus is
variable. This dynamic regulation, both between and within trains of electrical stimuli, has
fostered the notion that burst firing of dopamine neurons /n vivo may be a determinant of
dopamine release in projection areas. In the present study dendritic dopamine release was
examined in the substantia nigra and ventral tegmental area in mouse brain slices using whole-cell
recording of a dopamine-mediated inhibitory postsynaptic current (IPSC). Paired stimuli produced
a depression of the IPSC that was not observed with paired pulses of exogenously applied
dopamine. Increasing the number of electrical stimuli from one to five produced an increase in the
amplitude the dopamine IPSC but the increase was less than additive, indicating a depression of
transmission with each successive stimulus. Analysis with fast-scan cyclic voltammetry
demonstrated that presynaptic D2-autoreceptors did not contribute to the depression. Facilitation
of the IPSC was observed only after the probability of release was reduced. Thus the regulation of
dopamine release in the cell body region was dependent on dopamine neuron impulse activity.
Under circumstance where there was initially little activity the probability of dopamine release
was high and repetitive activation resulted in depression of further release. With increased activity,
the release probability decreased and a burst of activity caused a relative facilitation of dopamine
release. This form of regulation would be expected to limit activity within the cell body region.
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Introduction

Dopamine neurons of the ventral midbrain play a crucial role in many physiological
processes including learning and memory, initiation of movement, and signalling of natural
rewards. In addition to terminal release, dopamine is also released from the cell bodies and
dendrites of the substantia nigra and ventral tegmental area (Bjorklund & Lindvall, 1975;
Geffen et al, 1976; Kalivas & Duffy, 1991; Rice et al., 1997; Jaffe et al,, 1998; Hoffman &
Gerhardt, 1999). Dopamine neurons make dendrodendritic synapses (Nirenberg et al., 1996;
Wilson et al., 1977), and dopamine released from somatodendritic regions activates D2
receptors that can have a powerful feedback inhibitory effect on neuronal excitability (Lacey
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et al, 1987; Pucak & Grace, 1994; Beckstead ef al., 2004). The activation of D2 receptors
increases a G-protein-coupled potassium (GIRK) conductance and decreases a voltage-
sensitive calcium conductance (Bigornia ef al., 1990; Lacey et al., 1987), either of which
could inhibit dopamine release. The time course and amplitude of the dopamine-dependent
inhibitory postsynaptic current (IPSC) suggests that dendrodendritic dopamine transmission
may play a role in terminating a burst of action potentials and creating the pause in firing
typically observed after a burst (Beckstead et al., 2004).

In vivo, dopamine neurons exhibit two distinct discharge activity patterns: intermittent
single spikes, or bursts of 2—6 consecutive action potentials commonly followed by a pause
(Grace & Bunney, 1984). Bursting is thought to be a more efficient mode for increasing
extracellular dopamine in terminals as it allows summation of the concentration for each
pulse, as there is limited time for uptake between pulses (Chergui et al, 1994). In addition,
there are adaptive processes in terminals that dynamically alter dopamine release during and
between bursts of action potentials (Yavich & MacDonald, 2000; Cragg, 2003; Montague et
al., 2004). However, the physiological consequences of multiple action potentials have not
been investigated in areas that contain dopamine cell bodies.

In this report, dopamine-mediated IPSCs were recorded from dopamine neurons in
horizontal mouse midbrain slices. Marked depression of IPSCs was observed with paired
stimuli as well as pairs of burst-type stimuli, whereas facilitation was observed under
circumstances where the probability of release was previously reduced. The results suggest
that facilitation and depression of dopamine release in the cell body region are plastic and
may be regulated by the moment-to-moment activity of afferent input. The identification of
short-term presynaptic plasticity, together with the recent observation of long-term activity-
dependent postsynaptic inhibition of the D2 autoreceptors (Beckstead & Williams, 2007),
extends the known mechanisms that regulate dopamine-dependent transmission in the
midbrain.

Materials and methods

Whole-cell patch-clamp electrophysiology

All animal protocols used in this study were approved by the animal care and use committee
at Oregon Health & Science University and comply with NIH guidelines. Male and female
C57BI6J mice were obtained from Jackson Laboratories (Bar Harbour, ME, USA). Brain
slices from their male and female first-generation offspring were obtained as described
previously (Williams ef al., 1984; Beckstead et al., 2004). Briefly, young adult mice (range
32-170 days old) were killed by decapitation under halothane anaesthesia. Brains were
quickly removed and placed in a vibrating microtome filled with 0 °C physiological saline
(containing, in mm: NaCl, 126; KClI, 2.5; MgCl,, 1.2; CaCly, 2.4; NaH,POy, 1.4; NaHCOs3,
25; and o-glucose, 11). The ventral midbrain was cut horizontally in 220-pw-thick slices
which were then incubated at 35 °C for at least 30 min. Slices were mounted in a recording
chamber attached to an upright microscope (Carl Zeiss, Oberkochen, Germany) and
superfused with 35 °C saline at a rate of 1.5 mL/min. Dopamine neurons were identified
from known anatomical markers with the assistance of infrared illumination optics and a
video camera. Cells were whole-cell patch-clamped with low resistance microelectrodes
(1.5-2.0 MQ) containing (in mm) K-methylsulphate, 115; NaCl, 20; MgCly, 1.5; ATP, 2;
GTP, 0.2; phosphocreatine, 10; and BAPTA, 10; pH 7.30-7.35, 274-280 mOsm. Cells were
voltage-clamped at —-60 mV to prevent spontaneous firing and permit measure of the GIRK
conductance. Series resistance was compensated by 80% and monitored frequently to ensure
stable electrical access to the inside of the neuron.
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A bipolar platinum stimulating electrode was placed into the slice just caudal to the cell
being monitored. Dopamine IPSCs were evoked by passing a train of 1-5 stimuli, spaced
out at 80-ms intervals once every 50-60 s, in the presence of receptor blockers: prazosin (50
nm; a1 adrenergic), CGP 56999a (100 nm; GABAR), picrotoxin (100 pwv; GABAA),
MK-801 (10 pm; NMDA), hexamethonium (50 pv; nicotinic acetylcholine) and NBQX (5
) or DNQX (10 pw; AMPA). In two experiments dopamine IPSCs were evoked with five
stimuli applied at shorter (10-25 ms) intervals. D2 receptor-mediated currents were also
obtained by iontophoresis of dopamine. A thin-walled microelectrode was pulled to have a
resistance of ~ 100 MQ, filled with 1 w dopamine and placed within 10 pw of the cell being
recorded. Dopamine was ejected as a cation with a single iontophoretic pulse of +20-150 nA
for 20-100 ms. Leakage was prevented with constant application of a small negative back
current (1.0-5.0 nA). Data were recorded through an Axopatch 1D amplifier (Axon
Instruments, Foster City, CA, USA), stored on a personal computer running Axograph 4.5
(John Clements), and analysed off-line at a later time. One- and two-way anovas were used
to compare experimental groups, and statistical significance was defined with o = 0.05.

Chemicals and reagents were purchased from Sigma-Aldrich (St Louis, MO, USA) with few
exceptions. K-methylsulphate was from Pfaltz & Bauer (Waterbury, CT, USA). CGP
56999a was a gift from Novartis Pharmaceuticals (Basel, Switzerland). Forskolin was
purchased from Calbiochem (La Jolla, CA, USA).

Fast-scan cyclic voltammetry

Results

Presynaptic

Glass-encased carbon fibre electrodes were prepared from carbon fibers (7 puw diameter;
34-700; Goodfellow, PA, USA) and cut to an exposed final length of 30-100 . Carbon
fibre electrodes were placed ~ 100 pw below the surface of the slice in the medial portion of
the VTA. Voltammetric recordings were performed with a triangular waveform (-0.4 to -1.0
V vs. Ag/AgCl, 300 V/s) at 10 Hz while holding the electrode at —0.4 V between scans.
Dopamine release was evoked by three pulses (0.7 ms duration, 200 ms separation) from a
monopolar electrode placed ~ 150 v away from the carbon fibre electrode. Background
subtracted cyclic voltammogram currents were obtained by subtracting 10 cyclic
voltammograms obtained before stimulation from voltammograms obtained after
stimulation. After subtraction, two-dimensional voltammetric colour plots were used to
examine the data. To determine the time course of voltammetrically detected dopamine, the
current at the peak oxidation (~ +600 mV vs. Ag/ClI) was plotted against time. Peak
oxidation and reduction peaks for exogenously iontophoresed dopamine (1 ) correlated
with the signal obtained with the three-pulse stimulation protocol used (Fig. 3A, inset).
Electrodes were not calibrated to [DA],, rather values were left as voltammetric current
responses.

paired-pulse depression

To investigate the probability of dopamine release, IPSCs were evoked using a paired-pulse
protocol with an interstimulus interval that varied from 2 to 20 s. With an interval of 2 s the
second IPSC was consistently smaller in amplitude, resulting in a paired-pulse ratio of 0.51
+0.022 (n=9; Fig. 1A). This depression subsided when the interpulse interval was
increased to 20 s (Fig. 1B), a time course similar to the decrease in dopamine release
measured in the striatum using fast-scan cyclic voltammetry (Phillips et a/, 2002). Although
the second IPSC was always smaller, there was no difference in the kinetics from the first to
the second IPSC (Fig. 1C).
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1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Beckstead et al.

Page 4

In vivo, excitatory input on to dopamine neurons can produce a burst of several action
potentials with an interspike interval of ~60 ms. Burst stimulation (five stimuli at 12.5 Hz)
was used to simulate burst firing of dopamine cells and the resultant dopamine IPSC was
analysed. This train of stimuli produced an IPSC with a greater amplitude than that produced
by a single pulse. Paired-stimulus depression was maintained, although the depression of the
second IPSC was not as pronounced as that seen with pairs of single stimuli (a ratio of 0.68
+0.018, n=13; Fig. 2A). To further investigate the effect of burst-type stimulation on the
dopamine IPSC, the number of stimuli was varied from one to five. The first stimulus
contributed the greatest to the amplitude and area of the IPSC, with subsequent stimuli
producing less and less added current (Fig. 2B and C).

One possible mechanism to explain the depression could be a postsynaptic depression of the
D2-receptor-dependent current. To test this possibility, dopamine was applied using paired
iontophoretic applications. The amplitude of the two resulting currents was the same,
suggesting that the paired-pulse depression of IPSCs was presynaptic in origin (Fig. 3A).
When the IPSC was preceded by an iontophoretic application of dopamine there was no
change in the amplitude relative to an IPSC that was evoked without prior application of
dopamine (Fig. 3B and C).

Another possibility is that synaptically released dopamine can activate presynaptic D2-
autoreceptors, resulting in presynaptic inhibition that underlies the paired-pulse depression.
Fast-scan cyclic voltammetry was used to determine the potential role of D2-autoreceptor
activation on the somatodendritic release of dopamine. Electrical stimulation of the VTA
(three pulses, 200 ms separation) evoked the release of dopamine. This was detected as an
increase in current at the oxidation potential for dopamine (600 mV; Fig. 4A and B). The
voltammagrams produced with electrical stimulation matched the voltammagrams produced
by the exogenous application of dopamine (Fig. 4A, inset), thus confirming the identity of
synaptically released transmitter as dopamine (/2 = 0.87 + 0.01, £< 0.05; 7= 7 stimulation
vs. n =3 dopamine; data not shown). To determine the role of autoreceptors in regulating
dopamine release, the D2 antagonist sulpiride (200 nw) was applied. In control conditions,
sulpiride did not affect the release of dopamine (control, 0.58 + 0.07; sulpiride, 0.55 + 0.05
nA; P> 0.05, n=7; Fig. 4A). Blocking the re-uptake of dopamine with cocaine (1 i)
produced an increase in the peak (to 0.88 + 0.11 from 0.46 + 0.06 nA; £<0.05, n=9) and
duration of the dopamine signal (Fig. 4B). Once dopamine reuptake was blocked, sulpiride
(200 nw) induced an increase in the amplitude of the voltammetric dopamine signal (1.4 =
0.16 nA; P<0.05, n=09; Fig. 4B). This result suggests that D2 receptor activation can
regulate somatodendritic release of dopamine but is only detectable when the tonic level of
dopamine in the slice is increased.

Does increasing the amount of dopamine release affect short-term plasticity?

To investigate potential mechanisms of paired-pulse depression the actions of L-DOPA and
forskolin were examined. L-DOPA is a dopamine precursor that is rapidly converted to
dopamine to increase vesicular content and increase the amplitude of the dopamine IPSC
(Pothos et al., 1998; Pothos, 2002; Beckstead et al., 2004). Forskolin activates adenylyl
cyclase and is known to increase the probability of transmitter release at many synapses. As
expected, treatment with L-DOPA and forskolin both increased the amplitude of the
dopamine IPSC. There was, however, no effect on the paired-pulse ratio (Fig. 5A-C; £ 77 =
0.372, P=0.69, n= 9-11) or Kinetics of the synaptic current (Fig. 5D; ~, 51 = 0.0367, P=
0.96, n=6-11), suggesting that increasing vesicular content or increasing the probability of
release did not affect the paired-pulse depression measured with this protocol.

Although forskolin had no effect on the paired-pulse ratio, the application of forskolin did
produce a significant effect on the relative contribution of the first stimulus of a train (Fig.
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6A). The relative effect of forskolin on the IPSC were revealed when the amplitude and
charge were normalized to the amplitude of the IPSC evoked by a single stimulus (Fig. 6B
and C). The slope of the amplitude versus stimulus number for forskolin was significantly
different from those for L-DOPA, cocaine and control (Fig. 6B; two-way anova interaction,
Fi2124 = 2.99, P=0.001). The effect of forskolin was significantly different from all other
manipulations, suggesting that increasing the probability of release via the activation of
adenylyl cyclase results in an increase in the depression of dopamine release during a burst
of stimuli. This was not merely an effect of increasing the amplitude of the IPSC, as
application of neither L-DOPA nor cocaine increased the relative contribution of the first
pulse.

Does decreasing dopamine release affect short-term plasticity?

One manipulation that is well known to affect the release probability and thus the paired-
pulse ratio is alteration of the extracellular content of calcium. When the ratio of calcium to
magnesium was lowered the paired-pulse ratio was not changed using an interpulse interval
of 2 s (change, —-3.8 + 4.6%, 1= 3; not shown). When the interpulse interval was decreased
to 10 ms, however, a change in the regulation of dopamine release could be detected. In
order to measure facilitation or depression using such a short interstimulus interval the
amplitude of the IPSC induced by a single stimulus was compared to that induced by a train
of five stimuli applied at 100 Hz. In control (Ca, 2.4; Mg, 1.2 mw), the amplitude of the
IPSC resulting from a single stimulus averaged ~20 pA but the amplitude of the IPSC
induced by five stimuli applied at 100 Hz was only ~80 pA rather than the arithmetic sum of
five individual IPSCs (Fig. 7B). When the calcium and magnesium concentrations were
changed to 1.2 and 5 mw, respectively, the amplitude of the IPSC evoked by a single
stimulus was dramatically decreased and the relative amplitude of the IPSC induced by five
stimuli was larger than predicted (Fig. 7A). This experiment suggests that, under conditions
of low release probability, there is substantial facilitation of dopamine release with a train of
stimuli. When the calcium to magnesium concentrations were changed to 5 and 1.2 mw,
respectively, the amplitude of the IPSC evoked by a single stimulus increased substantially
but the relative increase in IPSC evoked by five stimuli was reduced relative to that
predicted by the sum of each individual IPSC (Fig. 7C). Thus the combination of reduced
extracellular calcium and short interstimulus intervals affected the regulation of dopamine
release in a predictable fashion.

A second manipulation that was used to test for the facilitation of dopamine release was to
apply repeated stimulation at a low frequency to induce the depression of release and follow
that depression with a train of stimuli. The application of a single prepulse 1 s before a train
of five stimuli was sufficient to significantly depress the IPSC produced by the train (Fig.
8A and B). When three prepulses were applied at 1-s intervals the amplitude of the IPSC
evoked by the second and third single pulse was depressed relative to the first stimulus, but
the IPSC evoked by a train of stimuli was not different from that which followed a single
pulse (Fig. 8C). With that protocol, the arithmetic sum of five single-pulse IPSCs was
smaller than the IPSC induced by a train of five high frequency stimuli. Thus, once the IPSC
was depressed, a train of high frequency stimuli resulted in facilitation (Fig. 8C).

Discussion

The results describe presynaptic regulation of dendrodendritic dopamine transmission in the
midbrain. Paired-pulse protocols resulted in depression of dopamine release similar in time
course to that observed in the striatum (Benoit-Marand et a/., 2001; Phillips et af., 2002).
Burst stimuli resulted in a smaller IPSC relative to that predicted by summing the amplitude
an IPSC evoked by a single stimulus. This was somewhat surprising considering that
facilitation of dopamine release results from burst-type stimuli in limbic terminal regions
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(Gonon, 1988; Chergui et al., 1994; Cragg, 2003). The present results also show, however,
that decreasing the probability of release resulted in facilitated release. There are two
potential interpretations. It could be that the regulation of somatodendritic and terminal
release of dopamine is very different. It is also possible that the elimination of afferent input
in brain slices increases the probability of dopamine release such that paired stimuli will
always result in depression. The lack of intermittent excitatory drive may therefore account
for the difficulty in observing the temporal summation that has been reported in terminal
regions.

Time course of dopamine release

Electrochemical and anatomical studies have suggested that dopamine transmission in the
midbrain proceeds in a manner consistent with volume transmission, i.e. without a point-to-
point structural arrangement like a classical synapse (Chen & Rice, 2001; Fuxe & Agnati,
1991; Rice, 2000; Cragg et al., 2001). Indeed, dopamine is not the only neurotransmitter
capable of spilling over out of the synapse and activating extrasynaptic receptors (e.g.
Isaacson et al., 1993; Matsui & Jahr, 2003). Previous work suggests that under physiological
conditions the time that midbrain D2 receptors are exposed to a concentration of dopamine
capable of initiating a postsynaptic current is insignificant compared to the kinetics of the G-
protein coupling and subsequent hyperpolarization (Beckstead et a/., 2004). Those
observations are confirmed here; enhancing release with forskolin or L-DOPA did not
prolong the time course of the postsynaptic current in spite of the fact that the amplitude of
the IPSC was increased. If super-threshold concentrations of dopamine were typically
traveling micrometers to reach target D2 receptors then increasing release would have
prolonged the time course of the synaptic current. Inhibition of uptake through the
application of cocaine did prolong the time course of the IPSC. This confirms the crucial
role of uptake transporters in limiting the time that dopamine is in the extracellular space
and producing a physiological time course almost completely dependent on steps occurring
subsequent to agonist binding.

Physiological role of the dopamine IPSC

In vivo, dopamine neurons exhibit two distinct types of discharge activity (Grace & Bunney,
1984). During times of low excitation, single action potentials occur in either a pacemaker
or a random pattern at ~4 Hz. Excitatory input results in bursts of 2-6 more closely spaced
(~ 15 Hz) action potentials followed by a pause that may be partially due to the dopamine-
mediated IPSC. In this study, stimulation protocols were applied that mimicked the firing
observed /n vivo using both single stimuli and “bursts’ of stimuli at 12.5 Hz. While both
stimulation patterns resulted in paired-pulse depression, this depression was substantially
greater when pairs of single stimuli were applied. /n7 vivo this would limit the ability of
single action potentials to produce dopamine release even during times of low excitability.
When pairs of trains were applied the IPSC was only modestly suppressed, suggesting that
presynaptic inhibition of release does not prevent bursts from producing dopamine IPSCs
even during times of high excitability. This evidence was strengthened by the observations
made subsequent to single prepulses; tonic depression of release decreased the amplitude of
IPSCs produced by a single stimulus while preserving those produced by burst-type stimuli.
Thus, presynaptic depression of release provides a high pass filter for dendrodendritic
dopamine transmission, reducing dopamine signalling when firing is low while leaving
burst-induced dopamine release intact.

Mechanism of presynaptic depression

Although the source of paired-pulse depression is presynaptic, the precise mechanisms
remain to be determined. It has been proposed that dopamine neurons release via a flickering
fusion pore mechanism, which may be subject to regulation by processes that differ from
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allor-none vesicular fusion (Staal et al., 2004). Increasing vesicular content with L-DOPA
did not change the paired-pulse ratio, suggesting that the paired-pulse depression probably
did not result from a decrease in dopamine within vesicles. Increasing release with forskolin
did not decrease the paired-pulse ratio when single stimuli were applied but increased the
depression observed with burst-type stimulation.

In terminal regions, depression of release results from two independent mechanisms. First,
activation of D2 autoreceptors inhibits the release of dopamine in the striatum with a time
course very similar to the time course of the GIRK conductance in the midbrain (Benoit-
Marand et al., 2001; Phillips et al.,, 2002; Beckstead et al., 2004). Second, an undetermined
mechanism also inhibits release, but with a much slower time course that is similar to the
depression observed in the present study (Phillips et a/., 2002; Montague et al., 2004). In the
midbrain, presynaptic and postsynaptic dopamine receptors are both of the D2 type. Thus,
directly testing of the role of presynaptic autoreceptors using the D2 receptor antagonist
sulpiride was not possible because this manipulation also blocks the postsynaptic receptors
responsible for the IPSC (Beckstead et a/., 2004; Ford et al., 2007). However, measuring
dopamine release with fast-scan cyclic voltammetry is not dependent on D2 receptors. The
results from those experiments suggest that D2 dopamine autoreceptors do not contribute to
presynaptic depression observed on a subsecond time scale. Autoreceptor-mediated
inhibition of release was only observed in the midbrain after application of the dopamine
uptake blocker cocaine, presumably by increasing the tonic extracellular dopamine
concentration sufficiently to activate presynaptic autoreceptors. lontophoresis provided
evidence that activating autoreceptors did not inhibit dopamine release after the cessation of
the GIRK conductance, further suggesting that the observed paired-pulse depression was not
a consequence of autoreceptor activation at any time point.

Facilitation and depression of slow synaptic transmission

Short-term plasticity at glutamate and GABA synapses has been studied intensely for more
than a decade and it is suggested that the type of plasticity can vary with the frequency of
stimulation, the transmitter released, the presence of presynaptic receptors and even the
resting level of modulators such as adenosine (Salin et al., 1996; Moore et al., 2003; Kukley
et al., 2005). Even the slowest examples of short-term facilitation of release typically
recover to control within < 400 ms (Cragg, 2003; Salin et al., 1996; Thomson, 2000). The
temporal resolution of studies examining short-term plasticity of slow synaptic transmission
are limited by the slow kinetics of the various synaptic events. A long-lasting depression is
by far the most common form of short-term plasticity found at slow inhibitory potentials that
include GABA-B (Otis et al., 1993) and 5-HT (Bobker & Williams, 1990; Morikawa et af.,
2000) IPSCs. In each of those studies, pairs of single stimuli were used to evoke slow
IPSCs; the paired-pulse depression lasted for 15-30 s and was thought to result from the
activation of presynaptic autoreceptors. The only completely convincing demonstration of
an autoreceptor-dependent mechanism used 5-HT-1B receptor-knockout animals to show
that the paired-pulse depression of the 5-HT-1A receptor-dependent IPSC was largely
eliminated (Morikawa et a/., 2000). None of these studies examined depression induced by
trains of stimuli, or the effect of stimulus number on the amplitude of the synaptic potential.

Although presynaptic depression of release was observed under most recording conditions,
two experiments suggested that facilitation of release occurs when the probability of release
is decreased. First, a low calcium, high magnesium solution in combination with high
frequency stimulation was able to produce facilitation. Second, a single prepulse decreased
release probability sufficiently to permit the observation of facilitation. During times of
spontaneous activity /n vivoit is possible that presynaptic dopamine release is tonically
depressed such that a bust of activity results in facilitated release of dopamine. Thus, it may
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1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Beckstead et al. Page 8

be the combination of facilitation of release unmasked by regular presynaptic depression
that dictates the primary form of short-term plasticity under physiological conditions.

Conclusions

Three decades ago, anatomical studies in dopamine neuron cell body regions led to the
hypothesis of dendrodendritic transmission between dopamine neurons (Bjorklund &
Lindvall, 1975; Groves et al.,, 1975). This evidence was bolstered by the identification of
dopamine D2 receptor-mediated activation of a potassium conductance (Lacey et al., 1987)
and later by measurement of dopamine overflow with microdialysis (Bradberry & Roth,
1989; Kalivas & Duffy, 1991; Robertson ef a/., 1991) and fast-scan cyclic voltammetry
(Rice et al.,, 1997). The identification and direct measurement of the dopamine IPSC
(Beckstead et al., 2004) has recently permitted an analysis of the factors contributing to the
short- and long-term regulation of dendrodendritic dopamine transmission. Repeated
stimulation produces long-term depression (LTD; Beckstead & Williams, 2007), indicating
that dopamine synapses can undergo activity-dependent changes in strength. This form of
plasticity resembles some forms of depression at glutamate synapses, as it is persistent and
blocked by postsynaptic chelation of calcium. The present study examined presynaptic
regulation of dendrodendritic dopamine transmission, as calcium-dependent postsynaptic
LTD was blocked throughout by inclusion of BAPTA in the recording pipette. The results
indicate that dendritic dopamine release is subject to short-term depression and facilitation
that is dependent on the pattern of stimulation. Both presynaptic and postsynaptic forms of
plasticity would serve to limit dendrodendritic dopamine transmission during times of high
activity. However, the time course of presynaptic action is considerably shorter in onset and
duration than the previously reported postsynaptic LTD (Beckstead & Williams, 2007). The
time course of presynaptic depression and facilitation suggests that, despite decades of
debate concerning the irregularity of vesicular release of dendritic dopamine, this form of
release exhibits many similarities to the release of GABA and glutamate.
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Fig. 1.

Paired-pulse depression of dopamine IPSCs. (A) Using a pair of single pulses, the dopamine
IPSC consistently exhibited substantial paired-pulse depression. (B) This depression
subsided as the interpulse duration was extended from 2 to 20 s (n=5). (C) Although the
first pulse produced a larger amplitude current, there was no difference between the kinetics
of the dopamine IPSC subsequent to the first and second pulse when the traces were
normalized to their maxima (7= 10).
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Fig. 2.

Depression was observed when multiple stimuli were used to mimic bursting. (A) The
paired-pulse depression produced by a pair of single pulses was maintained but somewhat
blunted by using a pair of stimulus trains. (B) However, as the number of stimuli was
increased from one to five (at 12.5 Hz) each successive pulse produced less postsynaptic
current. (C) The convolution can be observed by mathematically simulating perfect temporal
summation of five single IPSCs. The measured time course of 11 normalized single pulse
IPSCs is plotted as ‘One stim’. Perfect additivity of five pulses (at 12.5 Hz) would produce
the simulated time course predicted with the closed circles labelled ‘One stim x 5°. The
measured IPSC evoked by a train of five stimuli is considerably smaller (‘Five stims’; £ 2o
=23.5, P<0.0001, n=11), illustrating the extent of subadditivity in the IPSC produced by a
train of five stimuli.
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Fig. 3.

Paired-pulse depression was presynaptic. (A) Paired-pulse inhibition was not observed when
dopamine (1 ») was applied exogenously through iontophoresis (dark arrows). Furthermore,
a large iontophoretic pulse did not depress the dopamine IPSC. (B, bottom trace) Two IPSCs
(stim-1 and stim-2) separated by 4 s exhibited paired-pulse depression. (B, top trace) In the
same cell a large iontophoretic pulse (ionto) did not depress the dopamine IPSC evoked 4 s
later (ionto/stim). (C) IPSC tracings from this experiment are overlaid, showing that paired
stimuli produced depression while iontophoresis of dopamine did not.
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Fig. 4.

Fast-scan cyclic voltammetry determination of the regulation of dopamine release from the
VTA by D2 autoreceptors. (A) Summarized voltammetric current vs. time responses were
generated by three pulses at 5 Hz (n7=7) under control conditions and in the presence of
sulpiride (200 nw). (Inset) Cyclic voltammagrams recorded at the peak of the stimulated
dopamine response and after the exogenous application of dopamine with iontophoresis (100
nA, 50 ms). Peak oxidation and reduction peaks were +637 and —352 mV for the electrically
evoked signal and +609 and —352 mV for the exogenous dopamine signal. Voltammagrams
were generated by a voltage waveform from —-0.4 to +1.0 V at 300 V/s. (B) Summarized
voltammetric current vs. time responses were generated by three pulses at 5 Hz (7= 9) under
control conditions, in the presence of cocaine (1 pv) and cocaine (1 pw) + sulpiride (200 nw).
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Fig. 5.

Increasing the amplitude of the IPSC did not change paired-pulse depression or IPSC
kinetics. A pair of single pulses 2 s apart (A) always yielded paired-pulse depression that (B)
did not change when vesicular content was increased with L-DOPA (10 pm) or (C) release
probability was increased with forskolin (10 pv). These manipulations did yield larger
amplitude IPSCs (control, 26.2 + 3.0 pA; L-DOPA, 36.6 £ 4.7 pA; forskolin, 64.2 + 14.3
pA; n=9-11). (D) Normalizing the traces to their maxima revealed that the increase in size
was not accompanied by a change in time course of the IPSC (7= 6-11).
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Fig. 6.

When multiple stimuli were applied, forskolin increased the relative contribution of the first
pulse. (A) Increasing release probability with forskolin (10 pv) produced IPSCs with larger
amplitudes whether one or five stimuli were applied. (B) The IPSC peak amplitude and (C)
total charge were subsequently plotted as a function of number of stimuli and normalized to
the first pulse. Pharmacological manipulations (cocaine, L-DOPA and forskolin) did not
change the general observation of a decreasing contribution of each successive pulse (7= 6-
11). The difference in the forskolin curve demonstrates an increased relative contribution of
the first pulse. This was not observed subsequent to cocaine or L-DOPA application, both of
which also increased the amplitude of the IPSC.
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Fig. 7.

Facilitation of dopamine release was demonstrated by lowering release probability.
Extracellular calcium and magnesium concentrations were altered to manipulate release
probability (AR): (A) low APr (1.2 mm Ca, 5 mm Mg), (B) control Ag (2.4 mm Ca, 1.2 mm Mg)
and (C) high Az (5 mm Ca, 1.2 mm Mg). Dopamine IPSCs were evoked with single stimuli or
trains of five rapid (10 ms interval) stimuli. (A, top) When Az was low, one stimulus
produced very little current while five stimuli still produced a substantial IPSC. If the
current produced by a single stimulus (“1’) was constant over the next four stimuli, the IPSC
would be the amplitude and time course predicted by the closed circles labelled ‘5 x 1°. (A,
bottom, *5”) This predicted IPSC is smaller than the measured IPSC evoked by five stimuli.
(B and C, bottom) When A was increased the predicted IPSC ‘5 x 1” was larger than the
measured IPSC evoked by five stimuli, suggesting that facilitation of dopamine release
occurred only when Pr was low (7= 7-9). Total charged passed by one vs. five stimuli: low
PR, 8.8 £1.6%; normal £y, 27.6 = 2.3%; high A, 28.8 + 2.9%; n=7-9.
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Fig. 8.

Presynaptic depression of release unmasked facilitation. (A) Dopamine IPSCs were
measured subsequent to three patterns of discharge activity: a train of five stimuli alone (5),
a train preceded by one prepulse (1, 5) and a train preceded by three prepulses (1, 1, 1, 5). A
single prepulse was sufficient to depress release and the amplitude of the IPSC. (B)
Summarized data suggest that, subsequent to a prepulse, the IPSC produced by a single
pulse was much more depressed than the IPSC produced by a train. (C) As this IPSC (‘5
stims’) is more than the arithmetic summation of five single-pulse IPSCs (‘5 x 1 stim’),
presynaptic depression may be in effect unmasking the facilitation of release.
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