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ABSTRACT Forebrain dopamine release is under the local control of D2 family (D2
and D3) autoreceptors. In this study, autoreceptor-mediated modulation of forebrain
dopamine release was investigated using amperometry in brain slices following local
electrical stimulation. 350 �m-thick slices of nucleus accumbens or dorsolateral neo-
striatum were prepared from male Wistar rats (150–200 g) and superfused with artifi-
cial cerebrospinal fluid at 32°C. Dopamine release was evoked by electrical pulses
(0.1 ms, 10 mA) across bipolar tungsten stimulating electrodes and measured at carbon
fibre microelectrodes using fixed potential amperometry (�300 mV vs. Ag/AgCl). Peak
dopamine release on stimulation (single pulse) was 0.75 �M (neostriatum) and 1.37 �M
(nucleus accumbens). Metoclopramide (1 �M) had no significant effect on DA efflux from
a single pulse in either region. Using paired pulse stimuli, dopamine release on the
second pulse varied according to the interval between the two pulses. At very long
intervals (�20 sec), dopamine release was similar to that for the first pulse. At shorter
intervals, dopamine efflux was attenuated. Metoclopramide had no effect on second
pulse dopamine release when the pulse was applied at short (�0.1 sec) or long (�5.0 sec)
intervals after the first. At intermediate intervals, metoclopramide significantly in-
creased second pulse dopamine release. The peak dopamine autoreceptor effect occurred
at �550 ms in neostriatum and �700 ms in nucleus accumbens. The onset time is due
both to diffusion of dopamine from the release sites to the autoreceptors and receptor-
effector mechanisms. These findings may have implications for the local control of
forebrain dopamine function in physiological and pathological states. Synapse 44:
15–22, 2002. © 2002 Wiley-Liss, Inc.

INTRODUCTION

Most midbrain dopamine neurones are located in the
substantia nigra or ventral tegmental area and project
broadly to the neostriatum and limbic forebrain (nucleus
accumbens, olfactory tubercle, amygdala, prefrontal cor-
tex), respectively. These neurones fire at approximately 5
Hz in conscious animals but may express this firing in
either regularly paced action potentials or in short bursts
(Grace and Bunney, 1983, 1984; Freeman et al., 1985). It
has been shown by Gonon and colleagues that both the
frequency and pattern of afferent activity determines the
magnitude of dopamine release in the terminal fields (see
Gonon, 1997). Moreover, drugs that modify dopamine cell
firing rate may also modify the pattern of firing (White
and Wang, 1983a,b) in a manner that makes the conse-
quences for dopamine release hard to predict.

Dopamine release within the terminal arborisations
is evoked both by the afferent traffic from the midbrain

and glutamate released from cortical projections
(Grace, 1991). It is modulated by negative-feedback
through autoreceptors located on the dopaminergic ter-
minals which can alter dopamine synthesis (transmit-
ter content per vesicle) and secretion (vesicles released
per impulse). Activation of these autoreceptors de-
creases dopamine release while dopamine antagonists
increase release in circumstances where there is sig-
nificant agonist tone at the receptor.

In the present study we investigated the operational
characteristics of the striatal and limbic dopamine ter-
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minal autoreceptors. Specifically, we sought to exam-
ine the temporal profile of the autoreceptor in response
to activation by endogenous dopamine (the ‘time win-
dow’) and to relate this to its physiological profile of
activation.

MATERIALS AND METHODS

Dopamine release was measured by amperometry at
carbon fibre microelectrodes in slices of rat neostria-
tum and nucleus accumbens following local paired-
pulse electrical stimulation, in the presence or absence
of the dopamine receptor antagonist metoclopramide.

Brain slices

Slices of neostriatum or nucleus accumbens were
prepared according to the basic method of Bull et al.
(1990). Briefly, male Wistar rats (150–200 g) were sac-
rificed by cervical dislocation and their brains removed
and chilled in ice-cold artificial cerebrospinal fluid
(aCSF). A block, approximately AP: �11.0 to �6.0 mm
vs. the interaural line (Paxinos and Watson, 1986) was
cut and sequential slices (350 �m) were taken using a
vibratome (Campden 352M) to acquire the desired ros-
trocaudal section. The slices were then placed in a
holding chamber of aCSF at room temperature for at
least 1 h to recover from sectioning and then trans-
ferred to the recording chamber and superfused with
aCSF at 32°C throughout the experiment. An equili-
bration time of 30 min before the first stimulation was
used.

Electrodes

Cylindrical carbon fibre microelectrodes with a diam-
eter of 7 �m and a length of 30–50 �m (Armstrong
James and Millar, 1979) were used for the detection of
dopamine. Electrodes to be used for amperometry were
subjected to a fixed potential (�300 mV vs. Ag/AgCl)
for at least 1 h when new, and for 30 min before each
experiment. Electrodes were implanted into either the
core of the nucleus accumbens or the dorsolateral quad-
rant of the neostriatum.

The reference electrode was an Ag/AgCl cylinder
(World Precision Instruments, New Haven, CT), encap-
sulated in an insulating tube. This was positioned in a
purpose-drilled well in the recording chamber so that
the Ag/AgCl surface was submerged in aCSF.

The stimulating electrode was a parallel bipolar mi-
croelectrode with a tip separation of approximately 500
�m, made from two single epoxy-insulated tungsten
microelectrodes (diameter 125 �m; A-M Systems, Ever-
ett, WA). These were joined together with cyanoacry-
late glue and the tips gently sanded with fine emery
paper to lower their impedance.

Electrical stimulation

Throughout this work, paired-pulse stimuli were
used, consisting of two pulses (0.1 ms, 10 mA) sepa-

rated by 50 ms, 100 ms, 200 ms, 500 ms, 1 sec, 2 sec, 5
sec, 10 sec, 20 sec, or 50 sec. Pulse pairs were applied at
intervals of 5 min throughout. The amplitude of dopa-
mine release for the second pulse was expressed as a
percentage of that on the first (S2/S1 ratio). Some ex-
periments were performed in the presence of the D2-
like antagonist metoclopramide (1 �M) to evaluate the
role of dopamine autoreceptors.

Amperometric detection of dopamine

Dopamine release was measured by constant poten-
tial amperometry using a two-electrode ‘MicroC’ poten-
tiostat (World Precision Instruments, Hertfordshire,
UK). The fixed output potential to the working elec-
trode was set to �300 mV vs. Ag/AgCl for detection of
dopamine.

The current output was also recorded on a digital
storage oscilloscope (250 Hz sampling; NIC-310DD,
Nicolet). A pretrigger was set to start recording 200–
500 ms before the first pulse and once the oscilloscope
completed its scan the data was automatically stored to
a floppy disk. These data were then analysed off-line
using Fast Analysis and Monitoring of Signals (FA-
MOS) software (IMC Mess-Systeme GmbH, Berlin,
Germany).

Where the pulse separation was very short, the do-
pamine signal for each of the pulses would overlap and
summate. In this situation, the output from a single
pulse stimulation was digitally subtracted from it, us-
ing FAMOS, so that dopamine could be measured ac-
curately for the second pulse (Fig. 1).

Postexperimental calibration of electrodes was car-
ried out with a flow injection apparatus. The working
electrode was placed in a flow stream superfused with
aCSF (2 ml/min) via a syringe pump.

Drugs and chemicals

Stock solutions of metoclopramide hydrochloride
(SmithKlineBeecham Pharmaceuticals, Surrey, UK)
were prepared in distilled water and kept frozen until
the day of use. Dopamine hydrochloride (Sigma Chem-
ical Co., St. Louis, MO) was diluted in 0.1 M HCl and
refrigerated. Final solutions of these compounds were
made by 1,000-fold dilution in aCSF.

Artificial CSF was composed of NaCl (124 mM), KCl
(2.00 mM), KH2PO4 (1.25 mM), MgSO4 � 7H2O (2.00
mM), NaHCO3 (25.0 mM), CaCl2 (2.00 mM), and (�)-
glucose (11.0 mM). These salts were purchased from
BDH (Dorset, UK). The solution was gassed at 32°C
with 95% O2 / 5% CO2 before use.

Data analysis and statistics

Signals obtained in the presence or absence of met-
oclopramide were compared by Student’s t-test using
Prism software (GraphPad Software, San Diego, CA).
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RESULTS

Electrical stimulation consistently evoked dopamine
release. Table I shows the peak extracellular concen-
trations attained in both neostriatum and nucleus ac-
cumbens following single pulse stimulation. Figure 2
shows raw amperometric data of dopamine release for
a single pulse electrical stimulation (0.1 ms, 10 mA)
and paired pulses separated by 500 ms in dorsolateral
neostriatum. The recording of faradaic current for a
single pulse stimulus (Fig. 2a) showed a short, initial,
negative deflection (a current artifact of the stimulus)
followed by a slower rise to reach a peak at typically
100–150 ms. This then decayed at a slower rate, re-
turning to baseline after approximately 500–1,000 ms.

For paired stimulus pulses (Fig. 2b), the second pulse
also caused a negative deflection followed by a further
rise to peak (after 100–150 ms), albeit much smaller
(S2/S1: �25%) than the first. The return to baseline
occurred at a similar rate to that for the first pulse.

Following each experiment, the aCSF was replaced
with calcium-free aCSF (equimolar substitution of cal-
cium for magnesium) to confirm dopamine was being
released in a calcium-dependent manner. In all cases,
dopamine release was abolished within 15 min of cal-
cium removal (Fig. 2c) inferring that dopamine release
was exocytotic. In a proportion of experiments, the
potential of the working electrode was set to 0.0 V vs.
Ag/AgCl. Under these conditions, stimulation evoked
no detectable current increment besides the stimulus
artifact (data not shown), confirming that the mea-
sured signal was faradaic (oxidation) current of a rap-
idly released, readily oxidisable substance, i.e., dopa-
mine (Dugast et al., 1994).

In order to study the timecourse of autoreceptor in-
hibition of dopamine release, paired-pulse stimulations

Fig. 1. Resolution of dopamine release for the second pulse by
digital subtraction. A representative time-synchronised record of do-
pamine release for a single pulse stimulation (b) was subtracted from
that obtained with paired pulse stimulation (a) to unmask the dopa-
mine release signal for the second pulse alone (c).

TABLE I. Dopamine release in striatum and nucleus accumbens

Nucleus accumbens Neostriatum

Controls 1.37 � 0.11 �M 0.75 � 0.19 �M*
Metoclopramide (1 �M) 1.18 � 0.31 �M 1.01 � 0.22 �M

DA release for the first of two electrical pulses (or single pulse) in nucleus
accumbens (n � 4) and dorsolateral neostriatum (n � 5) in control or metoclo-
pramide slices (mean � SEM).
*P � 0.05 vs. nucleus accumbens controls.

Fig. 2. Raw traces of amperometric recordings of dopamine follow-
ing electrical stimulations in the dorsolateral neostriatum. Applica-
tions of electrical pulses are represented by the arrows. a: Dopamine
release following a single pulse. b: Dopamine release following two
pulses separated by 500 ms. c: The effect of calcium removal on
stimulated dopamine release evoked by two electrical pulses (repre-
sented by the triangles) separated by 1 sec. The scale bars represent
the faradaic current and time for each trace. This procedure was
carried out at the end of each experiment to confirm calcium depen-
dence.
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were used with a second electrical pulse (S2) applied at
different times (50 ms to 50 sec) after the first (S1). The
S2/S1 ratio was assessed in the absence and presence
of the D2-like antagonist, metoclopramide (1 �M; ap-
plied throughout the experiment), to evaluate the au-
toreceptor effect.

Figure 3 shows dopamine release on the second elec-
trical pulse (S2/S1 ratio as a percentage) for the differ-
ent pulse separations. In control experiments, dopa-
mine release on the second pulse was about 25% of that
on the first for the shortest pulse separation (50 ms) in
both nuclei. For increasing pulse separation, there was
initially a decrease in the amplitude of dopamine re-
lease on S2 at intervals of 50–500 ms (for dorsolateral
neostriatum) and 100 ms to 1 sec (nucleus accumbens).
S2/S1 ratios then increased for increasing interpulse
intervals until they approached 100% of S1 at 20–50-
sec intervals.

The “dip” in S2/S1 ratio at interpulse intervals above
50–100 ms was significantly reduced in metoclopra-
mide-treated slices. In both nucleus accumbens and
neostriatum, metoclopramide had no significant effect
on dopamine release for S2 when it occurred either 200
ms or less, or 5 sec or more after S1. Metoclopramide
did not increase dopamine release on single pulse stim-
uli (Table I).

Subtraction of the dopamine release (S2/S1) in the
presence of metoclopramide from controls unmasked
that component of the curve that was directly attribut-
able to autoreceptor activation (Fig. 4). Gaussian
curves fitted to these data described the window of
effect (r2 � 0.96 for neostriatum and 0.99 for nucleus
accumbens).

The peak of each of the fitted curves represents max-
imum inhibition of dopamine release by D2-like recep-

Fig. 3. Autoreceptor-mediated
inhibition of stimulated dopamine
release. Amplitude of dopamine re-
lease (S2/S1 ratio, mean � SEM;
n � 5) for the second of two elec-
trical pulses vs. pulse separation
for (a) dorsolateral neostriatum
and (b) core of the nucleus accum-
bens, carried out in the presence
(filled circles) or absence (open cir-
cles) of 1 �M metoclopramide.
*P � 0.05, **P � 0.01, ***P �
0.001 vs. control (unpaired t-test).

Fig. 4. Time dependency of autoinhibition of dopamine release.
Mean differences in amplitude of dopamine release for the second of
two electrical pulses between metoclopramide (1 �M) treated and
control slices plotted against pulse separation (n � 5) in (a) dorsolat-
eral neostriatum or (b) core of the nucleus accumbens (error bars
omitted for clarity). Gaussian curves fitted to the data describe the
temporal profile of autoreceptor action. The lower panel (c) shows the
data of parts a and b, normalised to the same height and on an
expanded x axis, for clarity.
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tors and falls between 500 ms and 1 sec for both nuclei
(547 ms for neostriatum and 702 ms for nucleus accum-
bens).

DISCUSSION

It has previously been shown that local electrical
stimulation in striatal slices releases dopamine that
may successfully be detected by electrochemical meth-
ods at carbon fibre microelectrodes. With fast cyclic
voltammetry in brain slices of the neostriatum or nu-
cleus accumbens, the background-corrected cyclic vol-
tammogram following electrical stimulation is always
indicative of dopamine (Stamford et al., 1995). The only
other bioactive compound that gives a cyclic voltammo-
gram like dopamine is noradrenaline. Therefore, sig-
nificant interference from serotonin and all other com-
pounds other than noradrenaline can be excluded. In
addition, interference from noradrenaline should be
minimal because of its relatively low tissue levels in
the regions of interest. Furthermore, the signal is re-
duced by tetrodotoxin, reserpine, and calcium removal
and is increased by the dopamine uptake inhibitor
GBR 12909 (Bull et al., 1990). Although no analytical
technique offers 100% specificity, these extensive char-
acterisation data collectively suggest that dopamine is
the only readily oxidisable species that changes in con-
centration following electrical stimulation of these
slices. It follows, therefore, that dopamine is the pre-
dominant species detected with amperometry (�300
mV vs. Ag/AgCl) under these same controlled condi-
tions.

When dopamine is released following action poten-
tial invasion of the terminal fields, it can activate
presynaptic autoreceptors which inhibit subsequent
release of dopamine (see Langer, 1997). In the neostri-
atum and nucleus accumbens, dopamine autoinhibi-
tion is mediated via dopamine D2-like receptors (Dug-
ast et al., 1997). Although other in vitro studies have
demonstrated that activation of release-regulating au-
toreceptors by short trains of pulses occurs over a time
frame of approximately 1 sec (Limberger et al., 1991;
Kennedy et al., 1992), the explicit timecourse of action
of these autoreceptors on subsequent dopamine release
has not been previously determined. Yet the window of
such autoinhibition (onset, magnitude, and duration)
clearly has important implications for the local control
of extracellular dopamine in the forebrain. In the
present study, we used amperometry in an effort to
describe the precise kinetics of autoreceptor activation
in two clinically relevant dopamine terminal fields.
Amperometry has extremely high time resolution
(Kawagoe and Wightman, 1994; Dugast et al., 1997)
and is ideal for measurement of extracellular transmit-
ter dynamics (Budygin et al., 2001).

It is notable from Figure 3 that dopamine release on
S2 is consistently smaller than on S1 at all but the
longest interpulse intervals. The S2/S1 ratios are sim-

ilar in neostriatum and nucleus accumbens. Since
much of this pattern persists, even in the presence of
metoclopramide, there is clearly restriction of dopa-
mine release independent of the autoreceptor-mediated
inhibition. Paired-pulse inhibition has been observed
in other in vitro studies (Higgins and Stone, 1993) and
may reflect the time needed for mobilisation and dock-
ing of further vesicles at the presynaptic membrane
(Parsons et al., 1995). It has also recently been demon-
strated that different voltage-gated calcium channels
are recruited to dopamine release on the first and sub-
sequent pulses of a stimulus train (Phillips and Stam-
ford, 2000), perhaps also contributing to this effect.
Possibly, inhibition of dopamine release by other neu-
rotransmitters released by the stimulation, acting at
heteroreceptors (an effect not present during stimula-
tion of the afferent pathway), may contribute to the
D2-independent attenuation (Phillips and Stamford,
1996; Wu et al., 2000).

A key part of the S2 inhibition is directly attributable
to autoreceptor activation, since it can be reduced by
metoclopramide (1 �M). The autoreceptor in the dopa-
minergic forebrain is of the D2 family and it is reported
that both terminal D2 and D3 autoreceptors may reg-
ulate striatal and limbic dopamine release (Patel and
Kruk, 1996). Metoclopramide has similar affinity for
D2 and D3 dopamine receptors (Sokoloff et al., 1992)
and thus it is not possible to ascribe the autoinhibition
observed here to a single subtype. Although metoclo-
pramide also blocks 5-HT3 receptors, we are confident
that the effects observed here are mediated through D2
family dopamine receptors for two reasons. First,
5-HT3 receptor stimulation facilitates striatal dopa-
mine release (Blandina et al., 1989) and thus a 5-HT3

antagonist should reduce rather than increase dopa-
mine release. Second, we find identical results with
haloperidol (Phillips and Stamford, 1998) and domperi-
done (data not shown), both selective D2 antagonists
that do not affect 5-HT function.

Of course, D2-like receptors are present not only on
dopaminergic terminals but also on GABA spiny neu-
rons, cholinergic interneurons, and possibly glutama-
tergic terminals. By blocking D2-like receptors on
these components, metoclopramide could theoretically
influence dopamine release independent of dopamine
autoreceptors. However, this possibility can be ex-
cluded due to the nature of the experiments. Metoclo-
pramide has no effect on dopamine release from single
pulses, indicating that there is no basal tone (between
stimuli) at D2 receptors in the brain slice. Likewise,
NMDA and GABAA antagonists (Phillips and Stam-
ford, 1996) and nicotinic antagonists (data not shown)
do not alter dopamine release for a single pulse, sug-
gesting that glutamate, GABA, and acetylcholine pro-
vide no basal influence on dopamine release under the
present conditions also. Under these conditions dopa-
mine could modulate dopamine release on the second
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stimulus only via autoreceptors and would require sub-
sequent stimuli for effects via local circuitry (modulat-
ing glutamate, GABA, or acetylcholine, for instance) to
be manifested.

To illustrate this, consider for instance that D2 re-
ceptors were present on the cell bodies of an interneu-
rone that formed excitatory synapses on dopaminergic
terminals. Through this circuitry we could reconcile
that D2 activation would cause an inhibition of the
interneurone, and therefore remove the excitatory in-
put at the dopaminergic terminal, thus reducing dopa-
mine release. Since there is no functional transmitter
tone in the brain slice (dopamine release for a single
electrical pulse is not inhibited by glutamate, GABA, or
acetylcholine antagonists) for the interneurone to in-
fluence dopamine release, its transmitter must be re-
leased by the stimulation (which is very feasible). How-
ever, it is unlikely that this receptor-effect could occur
during the course of the stimulation (100 �s) per se
(demonstrated by the fact that antagonists do not alter
single-pulse dopamine release) and so the effect must
first be manifested on the next stimulation pulse. Do-
pamine released by the first pulse would activate both
D2 autoreceptors and D2 receptors on the interneu-
rones. This would then inhibit dopamine release (via
autoreceptors) and evoked release from the interneu-
rone on the next stimulation pulse. However, for the
(now altered) release of transmitter from the interneu-
rone on pulse 2 to influence dopamine release, a third
pulse would be required. In all scenarios where there is
functionally insignificant basal neurotransmitter tone,
and responses are evoked by short, discrete stimuli, the
number of stimulation pulses required to observe a
feedback effect in a circuit is equal to one more than the
number of synapses in the pathway, i.e., the effect is
observed on the second pulse for an monosynaptic au-
toreceptor circuit, on the third pulse for a bisynaptic
pathway, and on subsequent pulses for a polysynaptic
pathway.

By subtracting data obtained in the presence of met-
oclopramide from drug-free controls, the exact time
course of autoinhibition may be unmasked (Fig. 4). The
graphs show that maximal autoreceptor effect occurs
at �550 ms in neostriatum and �700 ms in nucleus
accumbens. Significantly, the graphs also clearly dem-
onstrate a minimum time period necessary for autore-
ceptor action and a maximum time after which the
autoreceptor ceases to be effective, these limits defin-
ing the ‘window’ of autoreceptor action. The timecourse
of autoreceptor activation demonstrated here supports
the general findings of previous studies carried out in
vitro where autoreceptor antagonism did not signifi-
cantly increase transmitter release for electrical trains
of less than 500 ms (Cejna et al., 1990). Furthermore,
these times are similar to those observed for postsyn-
aptic activation following stimulation of dopamine neu-
rones (Williams and Millar, 1990; Gonon, 1997).

The temporal profile of this window inevitably re-
flects both the diffusion of dopamine from the release
site to the receptors and the intracellular transduction
of autoreceptor activation to the resultant response. If
the period required to attain maximum autoreceptor
action was wholly due to the time needed for released
dopamine to diffuse to its receptors (t), the mean diffu-
sion distance (l) could be calculated using the diffusion
coefficient (D) from the equation l � �Dt. To account
for the tortuosity (�) of the brain, the diffusion coeffi-
cient can be corrected to the apparent diffusion coeffi-
cient (D*) by D* � D/�2. The derived value of the free
diffusion coefficient for dopamine at 32°C is 6.9 	 10-6

cm2/sec (Gerhardt and Adams, 1982) and tortuosity in
the rat neostriatum is 1.54 (Rice and Nicholson, 1991).
Applied to the present data, mean diffusion distances
of 12.6 �m for the neostriatum and 15.0 �m for the
nucleus accumbens are obtained. In essence, these
would correspond to the average distances of the auto-
receptors from the release sites. Interestingly, these
relative values are consistent with the data of Missale
et al. (1985), who showed that there were fewer dopa-
mine uptake sites in the nucleus accumbens, meaning
therefore that dopamine could diffuse further than in
the neostriatum (Stamford et al., 1988).

These distances should be thought of as upper limits,
since they assume that autoreceptor action occurs in-
stantaneously when dopamine activates the receptors.
Consequently, to further study feasible diffusion dis-
tances following stimulation, dopamine terminals can
be considered a network of point sources of dopamine.
The concentration distribution from a point source
with respect to distance at any time after application is
described by a Gaussian decay with a standard devia-
tion (�) that is a function of time: 
 � 2Dt. For a
homogenous distribution of multiple point sources,
there will be uniform concentration of the applied sub-
stance once the standard deviation reaches the separa-
tion distance of the point sources. The separation of
dopamine varicosities is �4 �m (Doucet et al., 1986),
and hence by rearranging the equation the time follow-
ing stimulation to reach uniform dopamine extracellu-
lar dopamine concentration (assuming there is release
from all varicosities) can be calculated as �28 ms.
However, in this study the dopamine concentration at
the electrode continued to increase for 100–150 ms
after the stimulation, suggesting that the separation of
release sites is actually greater than 4 �m. If the stan-
dard deviation of the dopamine concentration distribu-
tion is calculated at these times, it would suggest that
the distance between active dopamine release sites is
7.6–9.3 �m, implying that either 1) dopamine is re-
leased from only a fraction of the varicosities for each
stimulation, or 2) the release sites are clustered. Nev-
ertheless, since the extracellular space most likely rap-
idly reaches a uniform dopamine concentration (in this
100–150 ms), it suggests that much of the time to reach
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peak autoreceptor action occurs after dopamine
reaches the receptors and hence it can be attributed to
receptor transduction.

Indeed, recent work using photolysis of caged dopa-
mine agrees that much of the time necessary for func-
tional autoreceptor activation is attributable to the
intracellular second messenger cascade: The process of
photolytic dopamine release is rapid (�100–200 ms;
Lee et al., 1996), yet inhibition of electrically evoked
dopamine release by uncaged dopamine still takes ap-
proximately 1 sec to reach maximum (Tong Lee, pers.
commun.). Considering the different methodological
approaches, this value is in excellent agreement with
those of the present study.

It should be noted that in this study we used a single
stimulus intensity to evoke dopamine release, and so
did not test the dependence of the timecourse on this.
However, a recent report (Benoit-Marand et al., 2001a)
stated that “paired-pulse inhibition of dopamine re-
lease and its delayed recovery was not different in
sagittally-cut striatal slices if the distance between the
stimulating electrode and the amperometric electrode
was increased from �100 �m to 1000 �m, although the
total dopamine overflow was reduced,” suggesting that
the data are not compromised by variability in dopa-
mine release.

Midbrain dopamine neurones typically fire either
regularly (tonic) or in short bursts (phasic) and may
change between these two patterns (Grace and Bun-
ney, 1983, 1984). It has been extensively shown by
Gonon and colleagues that this has direct bearing on
the levels of extracellular dopamine in the terminal
fields (Chergui et al., 1994). For instance, repetitive
burst stimulation of the median forebrain bundle (in-
traburst pulse interval � 70 ms) induces significantly
greater dopamine release than the same number of
stimulus pulses spaced at regular intervals (200 ms),
even though the average frequency is identical in each
case (Gonon, 1988).

From Figures 3 and 4 it can be seen that autorecep-
tor activation is barely detectable at 70 ms but is pro-
nounced after 200 ms. Thus, the frequency of afferent
action potential traffic directly affects autoreceptor ac-
tivation and, by inference, postsynaptic receptor stim-
ulation. Autoinhibition in the terminals will be induced
much more effectively during tonic firing at �5 Hz
(Grace and Bunney, 1983) than within a burst (Grace
and Bunney, 1984). Furthermore, in salient behavioral
situations midbrain dopamine neurones are reported to
fire synchronously in bursts (Schultz, 1986). This
doubtlessly causes dopamine release from many termi-
nals simultaneously and results in very high, but tran-
sient, concentrations of extracellular dopamine (Rebec
et al., 1997; Robinson et al., 2001). The window of
autoreceptor action demonstrated here would permit
the rapid rise in dopamine for the burst, while curbing
dopamine levels during periods of tonic firing. This

level of control would act to enhance the contrast in
dopamine concentration for such behavior cues. How-
ever, autoreceptors are not only activated by dopamine
evoked by neuronal firing, but also by dopamine tone
that is putatively maintained by glutamate from corti-
costriatal and corticoaccumbal afferents. Regulation of
these pathways (altering the tonic dopamine) also con-
trols the level of inhibition of dopamine by autorecep-
tors (Grace, 1991), adding an additional level of com-
plexity to control of phasic dopamine release.

It is worth reminding the reader nevertheless that
the current data were acquired in vitro. The extent to
which the same processes hold sway in vivo is currently
unknown. Certainly the slice preparation has limited
spontaneous activity and does not always mirror the in
vivo state (Benoit-Marand et al., 2001a), although au-
toreceptor inhibition of striatal dopamine release has
been demonstrated in vivo (Dugast et al., 1997). It will
be interesting to see the extent to which these and
other factors participate in vivo. A recent in vivo report
using D2 receptor mice finds a similar overall profile of
autoinhibition to the present study with a clear onset
and offset but slightly shorter peak time (Benoit-Ma-
rand et al., 2001b). Considering the methodological
differences (in vivo vs. in vitro, D2 knockout mice vs.
pharmacological D2 receptor blockade in rats), the
findings are encouragingly consonant.

In conclusion, dopamine release for a second electri-
cal pulse is restricted by two independent phenomena
in vitro. There is a general recovery in dopamine re-
lease with increasing interval after the first pulse, and
superimposed upon this is a “dip,” due to D2-like auto-
receptor activation which can be diminished by meto-
clopramide. Dopamine autoinhibition takes up to 500
ms to become detectable and persists for less than 5
sec. The onset time may be due to a delay engendered
by diffusion of dopamine from the release sites to the
autoreceptors and slow transduction of the autorecep-
tor activation event. These findings may have implica-
tions for the local physiological and pharmacological
control of forebrain dopamine function.
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