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Most neurotransmitters inhibit their own release through auto-
receptors. However, the physiological functions of these pre-
synaptic inhibitions are still poorly understood, in part because
their time course and functional characteristics have not been
described in vivo. Dopamine inhibits its own release through D2
autoreceptors. Here, the part played by autoinhibition in the
relationship between impulse flow and dopamine release was
studied in vivo in real time. Dopamine release was evoked in the
striatum of anesthetized mice by electrical stimulation of the
medial forebrain bundle and was continuously monitored by
amperometry using carbon fiber electrodes. Control experi-
ments performed in mice lacking D2 receptors showed no
autoinhibition of dopamine release. In wild-type mice, stimula-
tion at 100 Hz with two to six pulses linearly inhibited further
release, whereas single pulses were inefficient. Dopaminergic
neurons exhibit two discharge patterns: single spikes forming a

tonic activity below 4 Hz and bursts of two to six action
potentials at 15 Hz. Stimulation mimicking one burst (four
pulses at 15 Hz) promoted extracellular dopamine accumula-
tion and thus inhibited further dopamine release. This autoin-
hibition was maximal between 150 and 300 msec after stimu-
lation and disappeared within 600 msec. This delayed and
prolonged time course is not reflected in extracellular DA avail-
ability and thus probably attributable to mechanisms down-
stream from autoreceptor stimulation. Thus, in physiological
conditions, autoinhibition has two important roles. First, it con-
tributes to the attenuation of extracellular dopamine during
bursts. Second, autoinhibition elicited by one burst transiently
attenuates further dopamine release elicited by tonic activity.
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Transmitter release is inhibited at many central synapses by
various neuromodulators through presynaptic receptors located
on terminal fibers (Nicoll et al., 1990; Thompson et al., 1993; Wu
and Saggau, 1997). Autoinhibition is a type of presynaptic inhi-
bition in which neurotransmitters modulate their own release
through presynaptic autoreceptors (Starke et al., 1989). Presyn-
aptic inhibition is mainly attributable to the activation of
G-protein-coupled receptors, which reduces the presynaptic entry
of calcium, a flux necessary for transmitter release (Hille, 1994;
Herlitze et al., 1996; Wu and Saggau, 1997). Presynaptic inhibi-
tion prevents excessive transmitter release in pathological condi-
tions (Thompson et al., 1993) and might play a major role in
adjusting synaptic strength (Isaacson et al., 1993; Wu and Saggau,
1997). However, the part played by central presynaptic inhibition
in the relationship between the discharge activity of presynaptic
neurons and the release of their neurotransmitter is still poorly
understood because major information is lacking: the time course
of presynaptic inhibition in vivo.

Kinetics of several forms of heteroregulation and autoregula-
tion have been described in vitro. Durations ranging from 0.5 to 10
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sec have been reported (Davies et al., 1990; Isaacson et al., 1993;
Pfrieger et al., 1994; Aroniadou-Anderjaska et al., 2000; Mitchell
and Silver, 2000). The most widely documented time course is
that of dopamine (DA) autoinhibition in striatum. In vitro studies
reported variable durations of autoinhibition from a few seconds
(Limberger et al., 1991; Agneter et al., 1994) to >30 sec (Kennedy
et al., 1992) and variable delays of onset ranging from 100 msec
(Kennedy et al., 1992) to 750 msec (Mayer et al., 1988; Limberger
et al., 1991; Agneter et al., 1994; Cragg and Greenfield, 1997).
The only in vivo study reported a delay of onset below 250 msec
(Dugast et al., 1997).

DA transmission represents an attractive model to determine
the physiological functions of autoinhibition because the dis-
charge activity of dopaminergic neurons has been well described.
In rats and mice, they exhibit two discharge patterns: single spikes
at a frequency below 4 Hz and bursts of two to six action
potentials at an approximate rate of 15 Hz (Grace and Bunney,
1984; Sanghera et al., 1984). The present study aimed at describ-
ing in vivo the amplitude and time course of DA autoinhibition. In
anesthetized mice, DA release was evoked by brief electrical
stimulations at 100 Hz and at frequencies mimicking the dis-
charge patterns of dopaminergic neurons. This release was di-
rectly monitored in real time by amperometry combined with
carbon fiber electrodes. Autoinhibition of DA release was mea-
sured by comparing evoked DA release in wild-type (WT) mice
and in mice lacking dopaminergic D2 receptors, because autore-
ceptors are of the D2 type (Suaud-Chagny et al., 1991; Lhirondel
et al., 1998). Dopaminergic cell bodies and dendrites are also
equipped with D2 autoreceptors that regulate the discharge ac-
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tivity and, thus, striatal DA release. However, because we moni-
tored the DA overflow evoked by electrical stimulation of dopa-
minergic axons, we only investigated the function of
autoreceptors located on dopaminergic terminals with minimal
interference attributable to other autoreceptors. Throughout this
article, “DA autoinhibition” refers to autoreceptor functions at
terminal level.

MATERIALS AND METHODS

Experiments were performed in accordance with French (act number
87-848, Ministere de I’Agriculture et de la Forét) and European Eco-
nomic Community (act number 86-6091) guidelines for the care of
laboratory animals. Mice lacking D2 receptors (D2—/—) were generated
as described previously (Baik et al., 1995) and backcrossed onto the
C57BL/6 inbred mouse strain. Mice having D2 receptors were mostly of
the C57BL/6 strain supplied by Janvier (Le Genest St. Isle, France) and
referred to as WT, whereas others (D2+/+) were from the same litter as
D2—/— mice. Adult mice (2-4 months old) were anesthetized with
urethane (1.8 gm/kg, i.p.), placed in a stereotaxic frame using a mouse
adapter (Stoelting Inc., Kiel, WI), positioned according to the atlas of
Franklin and Paxinos (1997), and maintained at 37°C. In each animal, a
concentric bipolar stimulating electrode (SNEX-200; Rhodes Medical
Instruments) was implanted in the medial forebrain bundle (MFB) 2.1
mm posterior to bregma and 1.1 lateral to the medial line. Its depth was
adjusted for each experiment so that the DA response in dorsal striatum
was maximal. Stimulation pulses (0.5 msec, 300 wA) were applied using
an isolated stimulator (DS2; Digitimer, Hertfordshire, UK) triggered by
a MacLab/2e system (ADInstruments, Castle Hill, Australia).

The variations of the extracellular DA concentration evoked by elec-
trical stimulations were monitored with a carbon fiber electrode com-
bined with continuous amperometry at +0.4 V (Dugast et al., 1994;
Benoit-Marand et al., 2000). In each animal, this cylindrical electrode,
which has an active surface of a carbon fiber 8 um in diameter and 250
um long (AGT 10000; SOFICAR, Abidos, France), was implanted in the
rostrodorsal striatum (1.7 mm lateral, 1.1 mm anterior to bregma, and
2.75-3.25 mm below the cortical surface). Transient electrical artifacts
were recorded at 0 V and subtracted (Dugast et al., 1994). The amplitude
of the evoked DA overflow was usually expressed in picoamperes or as a
percentage. Moreover, after some in vivo experiments, carbon fiber
electrodes were calibrated in vitro for DA (0.2-1 pm) using a flow
injection system (30 wl/sec) with the following perfusion medium (in
mM: 137 NaCl, 2.7 KC], 8.1 Na,HPO,-2H,0, 1.47 KH,PO,, and 100
ascorbic acid) (Dugast et al., 1994). This calibration allowed us to
accurately compare the amplitude of the evoked DA overflow between
groups of animals. However, given the differences between in vivo and in
vitro conditions, the absolute value of evoked changes in DA concentra-
tion, calculated from in vitro calibration, must be considered as a rough
estimate.

In experiments described in Figures 1-5, autoreceptors were activated
by dopamine whose release was evoked by various types of conditioning
stimulation (Sc). Test stimulations S1 and S2 consisted of three pulses at
100 Hz and were respectively applied 4 sec before Sc and at various time
intervals after the end of Sc. In the experiment described in Figure 3, the
conditioning stimulation was identical to test stimulations (three pulses at
100 Hz). Therefore, the stimulation sequence was simplified and con-
sisted only of two test stimulations, labeled S1 and S2, separated by
various time intervals. Each sequence of stimulations (Fig. 3, S7-S2; Figs.
1,2,4,5, S1-Sc-S2) was applied 10 times every 15 sec, and the resulting
overflow records were averaged (Dugast et al., 1994). In experiments
described in Figures 2-5, one parameter was modified (e.g., the number
of pulses in Sc) so that each parameter value was applied successively
every 15 sec before replication of the same stimulation sequence and
off-line averaging. Thus, the consequence of the slow decrease in the
amplitude of the evoked DA overflow during prolonged experiments was
eliminated.

In all experiments (except that described in Fig. 6), the amplitude of
the DA overflow evoked by S2 was expressed as a percentage of the
overflow evoked by S1 and was used to measure the inhibition of DA
release induced by Sc. These amplitudes were measured from averaged
recordings. When the time interval between Sc and S2 was short, the
corresponding evoked DA overflow records greatly overlapped. To ac-
curately measure from averaged recordings the amplitude of the overflow
evoked by S2, the curve corresponding to a similar overflow evoked by Sc
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Figure 1. Effect of haloperidol on DA autoinhibition. Autoinhibition was
activated by DA overflow evoked by a conditioning stimulation consisting
of six pulses at 15 Hz. The resulting inhibition of DA release was
measured by comparing the amplitudes of the DA overflow evoked by test
stimulations S1 and S2 (3 pulses at 100 Hz) applied 4 sec before Sc and
300 msec after the end of Sc, respectively. Each sequence of three
stimulations (S7-Sc-S2) was applied every 15 sec, and a series of 10
successive recordings were averaged. After a control period of 15 min,
mice were treated with haloperidol (0.5 mg/kg, s.c.). The figure shows
typical averaged recordings obtained from one WT mouse before and 15
min after haloperidol injection. Because the carbon fiber electrode was
calibrated in vitro after in vivo recording, the evoked DA overflow was
measured in picoamperes and in DA concentration (nanomolar). In six
identical experiments, the amplitude of the DA overflow evoked by S2,
expressed in percentage (mean = SEM) of the overflow evoked by S1, was
43 = 3% before haloperidol and 85 * 4% after haloperidol. This indi-
cates that DA autoinhibition of S2 by Sc was blocked almost entirely by
haloperidol.

(or Fig. 3, SI), but without any overlap and obtained in the same
experiment, was subtracted as illustrated in Figure 3. Comparisons of
DA autoinhibition in WT mice were performed by a one-way ANOVA
having the number of pulses in Sc as within factor, followed by Dunnett’s
multiple comparison test. Individual comparisons between WT and
D2—/— mice were conducted with Mann—-Whitney’s U test.

RESULTS

Validation of the experimental protocol

A typical autoinhibition effect is shown in Figure 1: the DA
overflow evoked by the conditioning stimulation inhibited, for a
certain time duration, further DA release evoked by the second
test stimulation compared with DA release evoked by first test
stimulation. The DA overflow evoked in vivo by one pulse is
detectable but too small to be reliably quantified in every exper-
iment (Benoit-Marand et al., 2000). Therefore, the test stimula-
tions S1 and S2 consisted of three pulses at 100 Hz. It is likely that
autoinhibition was negligible during this brief stimulation (20
msec). Indeed, contrary to DA overflow evoked by prolonged
stimulations, the DA overflow evoked by four pulses at 100 Hz
was not affected by pharmacological blockade of autoreceptors
(Mayer et al., 1988; Garris et al., 1994).

In our conditions, the amplitude of the DA overflow evoked by
S1 was enhanced by systemic haloperidol (Fig. 1). Nevertheless, in
agreement with previous studies, this effect is much less pro-
nounced than the enhancing effect of haloperidol on DA overflow
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evoked by a more prolonged stimulation (Fig. 1, Sc). Therefore, it
is likely that either of two other mechanisms, rather than the
onset of fast autoinhibition, might explain the effect of haloperi-
dol on the DA overflow evoked by S1. First, haloperidol blocks
the tonic stimulation of autoreceptors induced by the basal extra-
cellular DA concentration (Suaud-Chagny et al., 1991). Second,
systemic haloperidol inhibits DA uptake. Indeed, the DA half-life
(i.e., the time for 50% decrease from the maximum) measured
from DA overflow evoked by S1 was 73 = 4 msec (mean = SEM,;
n = 6) before haloperidol and 104 * 4 msec after haloperidol
(Fig. 1). This observation seems in line with the view supported
by Cass and Gerhardt (1994) stating that pharmacological block-
ade of D2 receptors decreases the rate of DA uptake.

Figure 1 clearly shows that blockade of D2 autoreceptors by
haloperidol suppressed most DA autoinhibition. Indeed, the am-
plitude of the DA overflow evoked by S2 was almost entirely
restored by haloperidol to that evoked by S1. Moreover, haloper-
idol heterogenously enhanced the DA overflow evoked by Sc (six
pulses at 15 Hz): the early phase of the overflow was less affected
than the late portion. This suggests that, before treatment, DA
released by the first pulses inhibited further release evoked by the
following pulses in a train. However, the enhancing effect of
haloperidol on the DA overflow evoked by Sc exceeded a +100%
increase, the maximal effect expected from a pure blockade of
DA autoinhibition (Fig. 1). This can be explained, as mentioned
above, by the fact that, in addition, haloperidol indirectly inhibits
DA clearance. This difficulty inherent to pharmacological block-
ade of D2 receptors incited us to use mice lacking D2 receptors
for control experiments designed to reveal DA autoinhibition.

The 4 sec delay between the first test stimulation and the
conditioning stimulation was long enough to prevent any sig-
nificant influence of the DA released by S1 on the DA overflow
evoked by Sc in either WT or D2—/— mice. In fact, when two
test stimulations were applied 4 sec apart, DA overflow evoked
by the second stimulation did not significantly differ from the
first (Fig. 2).

Evoked DA overflow reflects the DA release per pulse (multi-
plied by the number of pulses) minus DA clearance by reuptake
(Garris et al., 1994; Benoit-Marand et al., 2000). Therefore, in
comparative studies, the maximal amplitude of the evoked DA
overflow provides a relative estimate of the DA release per pulse,
providing that the kinetics of DA clearance is not affected. Here,
apart from haloperidol effect, this requirement is fulfilled be-
cause the kinetics of the DA overflow evoked by test stimulations
S1 and S2 never differ (see typical recording in Figs. 1-5). More-
over, under our conditions, DA clearance appeared to not be
altered by the absence of autoreceptors. Indeed, when the DA
overflow was evoked by test stimulations (three pulses at 100 Hz),
the DA half-life (i.e., the time for 50% decrease from the maxi-
mum) was 79 = 3 msec (mean = SEM; n = 8) in WT mice, 75 =
3 msec in D2+/+ mice (mean = SEM; n = 6), and 81 = 4 msec
in D2—/— mice (mean = SEM; n = 7). Our observations are not
consistent with those of a previous study showing that DA uptake
is decreased in mice lacking D2 receptors (Dickinson et al., 1999).
Because in this previous study DA overflow was evoked by local
injections of exogenous DA (400 um), differences in experimental
conditions might explain this discrepancy. In conclusion, because
in our experimental conditions DA reuptake appeared to not be
affected by autoinhibition, the maximal amplitude of the DA
overflow provided a suitable relative estimate of DA release.

In some experiments, the maximal amplitude of the DA over-
flow evoked by the first test stimulation was estimated in terms of
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Figure 2. Relationship between the amplitude of the DA overflow
evoked by MFB stimulation of one to six pulses at 100 Hz and the
inhibition of DA release. Typical recordings show the DA overflow
evoked by three consecutive MFB stimulations in the striatum of one
D2—/— mouse (A4) and of one WT mouse (B). Inhibition of DA release
was measured by comparing the amplitudes of the DA overflow evoked by
test stimulations S1 and S2 (3 pulses at 100 Hz). The conditioning
stimulation consisted of zero to six pulses at 100 Hz and was applied 4 sec
after S1. The time interval between the end of Sc and S2 was 300 msec.
When Sc was 0, the time interval between S1 and S2 was 4 sec. The
amplitudes of DA overflow evoked by Sc increased with increasing num-
ber of pulses, as exemplified in typical recordings and shown in percent-
age of the overflow evoked by six pulses at 100 Hz (mean = SEM; 7 WT
mice) (C). The amplitude of the DA overflow evoked by S2 was expressed
in percentage (mean = SEM) of the overflow evoked by S1 for D2—/—
mice (O; n = 7) and WT mice (@ n = 7).

extracellular DA concentration by in vitro calibration of the elec-
trode after in vivo recordings. These amplitudes were similar in
WT, D2+/+, and D2—/— mice: they corresponded to 216 * 29
nM (n = 4),243 = 20 nM (n = 5), and 249 = 32 nm (n = 7)
(mean = SEM), respectively. This unaltered DA release in
D2—/— mice is consistent with a normal striatal tissue level of DA
(Kelly et al., 1998) and with no changes in both the expression of
mRNA coding for tyrosine hydroxylase (Baik et al., 1995) and
dopamine metabolites, suggesting similar rates of DA synthesis
(Dickinson et al., 1999). Moreover, in vivo microdialysis studies
showed that basal and K "-evoked extracellular DA levels were
similar in D2—/— and WT mice (Dickinson et al., 1999).
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Amplitude of autoinhibition

To investigate the relationship between the level of autoreceptor
stimulation and the resulting inhibition of DA release, condition-
ing stimulations consisting of one to six pulses at 100 Hz were
applied (Fig. 2). This frequency was used because the amplitude
of the DA overflow evoked by Sc at 100 Hz can be simply
enhanced by increasing the number of pulses. Indeed, in WT
mice, conditioning stimulations at 100 Hz evoked DA overflow
with maximal amplitude that increased linearly with increasing
number of pulses (Fig. 2C) (linear regression coefficient, r* =
0.982). In D2—/— mice, conditioning stimulations (three or six
pulses) did not further affect DA release evoked by S2, denoting
absence of autoinhibition (Fig. 24,C). In WT mice, the DA
overflow evoked by Sc inhibited further release evoked by S2
(expressed in percentage of S1), and this effect was dependent on
the number of pulses in Sc (Fs 42, = 26.38; p < 0.0001). Indeed,
the DA release evoked by S2 significantly differed (p < 0.001)
when the conditioning stimulus consisted of two to six pulses
compared with the DA release evoked by S2 in the absence of Sc.
When Sc consisted of one pulse, the DA release evoked by S2 was
slightly decreased, but this effect was not statistically significant
(p > 0.05). The amplitude of this inhibition correlated with the
amplitude of the DA overflow evoked by Sc (Fig. 2C).

Time course of autoinhibition

To precisely determine the time course of autoinhibition, espe-
cially its onset, the conditioning stimulation must be as brief as
possible. Figure 2 shows that a conditioning stimulation consisting
of only three pulses at 100 Hz induced a submaximal but robust
inhibition of DA release. Therefore, this stimulation was used
both as the control test stimulation (S1) and as the conditioning
stimulus that inhibited DA release evoked by S2 (Fig. 3). In
D2—/— mice, the DA released by S1 never inhibited the DA
release evoked by S2. However, at short intervals (100 and 150
msec), the first stimulation facilitated the DA release evoked by
S2. The time course of autoinhibition was studied in two groups
of mice having D2 receptors: four D2+/+ mice and 10 WT mice.
Because autoinhibition was virtually identical in both groups, the
data were pooled. In these mice, the DA released by S1 inhibited
the DA release evoked by S2 at intervals between S1 and S2
ranging from 150 to 600 msec. At 100 msec interval, autoinhibi-
tion was already partly effective because it counteracted the
facilitation of DA release observed in D2—/— mice. However, it
was not maximal because the difference in the DA overflow
evoked by S2 between D2—/— and WT mice was smaller at 100
msec than at 150 msec (Fig. 3C). This difference was statistically
significant at intervals of 100 msec (p < 0.01) and 150, 200, and
300 msec (p < 0.001) but not at 800 msec (p = 0.087). From 400
to 800 msec, the DA release evoked by S2 gradually recovered to
control value (Fig. 3C).

Autoinhibition induced by stimulations mimicking
bursting activity

Dopaminergic neurons never discharge at 100 Hz. In rodents,
their fastest activity occurs in bursts of two to six action
potentials at an approximate rate of 15 Hz (Grace and Bunney,
1984; Sanghera et al., 1984). To investigate the physiological
function of autoinhibition, we used conditioning stimulations
mimicking bursts and consisting of one to six pulses at 15 Hz.
First, we investigated the time course of autoinhibition in-
duced by a conditioning stimulation of four pulses at 15 Hz.
Comparison between WT mice and D2—/— mice shows that
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Figure 3. Time course of DA autoinhibition. The first test stimulation (3
pulses at 100 Hz) was the conditioning stimulation inducing autoinhibi-
tion of DA release evoked by S2. Time intervals between S1 and S2 varied
from 100 to 1200 msec. Typical recordings show autoinhibition in one
D2+/+ mouse (A) and its absence in one D2—/— mouse (B). For short
intervals, overflow records evoked by S1 and S2 partly overlapped. To
accurately measure the amplitude of the overflow evoked by S2, the curve
corresponding to a similar overflow evoked by S1 but without any overlap
and obtained in the same experiment was subtracted. The amplitude of
autoinhibition was measured in D2—/— mice (O; n = 6) and in mice
having D2 receptors (@; 4 D2+/+ mice and 10 WT mice; data pooled)
(C). It corresponded to the DA overflow evoked by S2 expressed in
percentage of the overflow evoked by S1 (mean = SEM). At short time
intervals (100 and 150 msec), S1 facilitated DA release evoked by S2, as
observed in D2—/— mice (C). In WT mice, this facilitation was counter-
acted by autoinhibition. Therefore, autoinhibition was already observed at
100 msec, reached a plateau from 150 to 300 msec, and vanished at 800
msec.

autoinhibition of DA release was maximal between 150 and
300 msec after the end of the conditioning stimulation and
vanished after 600 msec (Fig. 4).

The relationship between the number of pulses (from one to
six) in a conditioning stimulation at 15 Hz and the amplitude of
autoinhibition at fixed delay is shown in Figure 5. The DA
overflow evoked by Sc inhibited additional release evoked by S2
(expressed in percentage of S1), and this effect was dependent on
the number of pulses in Sc (F 7, = 20.68; p < 0.0001). More
precisely, the amplitude of autoinhibition gradually increased
with increasing number of pulses from one to four and then
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Figure 4. Time course of autoinhibition with a conditioning stimulation
of four pulses at 15 Hz. The first test stimulation (3 pulses at 100 Hz) was
applied 4 sec before the conditioning stimulation, and the second test
stimulation was applied between 150 and 1400 msec after the end of Sc.
In the absence of Sc (no Sc), the delay between S1 and S2 was 4 sec.
Typical recordings show the absence of autoinhibition in one D2—/—
mouse (A) and its presence in one WT mouse (B). The DA overflow
evoked by S2 was expressed in percentage of the overflow evoked by S1
(mean = SEM) and reflected the amplitude of autoinhibition in D2—/—
mice (O; n = 6) and in WT mice (@; n = 8) (C).

reached a plateau with five and six pulses (Fig. 5B). The DA
release evoked by S2 significantly differed (p < 0.001) when the
conditioning stimulation consisted of two to six pulses compared
with the DA release evoked by S2 in the absence of Sc. When Sc
consisted of one pulse, the DA release evoked by S2 was slightly
decreased, but this effect was not statistically significant (p >
0.05). In D2—/— mice, conditioning stimulations consisting of
four or six pulses at 15 Hz did not affect the DA overflow evoked
by S2 (Fig. 54,B).

Comparison between Figures 2C and 4B shows that the rela-
tionship between the DA overflow evoked by the conditioning
stimulation and the amplitude of autoinhibition is more complex
than might be inferred from Figure 2. In fact, conditioning stim-
ulations consisting either of three pulses at 100 Hz (Figs. 2, 3) or
four pulses at 15 Hz (Figs. 4, 5) induced similar autoinhibition
amplitudes, whereas the maximal amplitude of the DA overflow
evoked by the former stimulation was approximately twice as high
as the overflow evoked by the latter (Fig. 4B, compare DA
overflow evoked by S1 to that evoked by Sc). However, when
considering the temporal summation of DA overflow (i.e., the
area below the curve) rather than its maximal amplitude, the total
overflow of DA was more similar (Fig. 4B). This suggests that the
maximal extracellular DA level and the duration of exposure to
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Figure 5. Relationship between the number of pulses in a conditioning
stimulation at 15 Hz and DA autoinhibition. Typical recordings show the
DA overflow evoked by two test stimulations and one conditioning stim-
ulation (6 pulses at 15 Hz) in the striatum of one WT and one D2—/—
mouse (A). Test stimulations (3 pulses at 100 Hz) were applied 4 sec
before (S1) and 300 msec after (S2) the end of Sc. The conditioning
stimulation consisted of zero to six pulses at 15 Hz. In WT mice, the
maximal amplitude of the DA overflow evoked by Sc increased with
increasing number of pulses from one to three and reached a plateau with
the following pulses (A4). In contrast, in D2—/— mice, the DA overflow
evoked by Sc never reached a plateau (A4). The DA overflow evoked by S2
was expressed in percentage of the overflow evoked by S1 (®; mean =+
SEM; 11 WT mice) (B). In WT mice, the DA overflow evoked by Sc
inhibited further DA release, and this inhibition increased by increasing
Sc from two to five pulses (B). In D2—/— mice, the DA overflow evoked
by Sc (4 or 6 pulses) did not inhibit further DA release (O; mean = SEM;
n =>5).

DA are important parameters controlling the strength of autore-
ceptor stimulation. However, the duration of exposure contrib-
uted to this strength within a limited range. In fact, although
stimulations consisting of three to six pulses at 15 Hz evoked DA
overflow of increasing temporal summation (same maximal am-
plitude and increasing duration), the resulting autoinhibition
reached a plateau with five and six pulses (Fig. 5B).

In WT mice, the DA overflow evoked by Sc either consisting of
four or six pulses at 15 Hz reached a plateau after the third pulse
(Figs. 4B, 5A4), whereas in D2—/— mice, this plateau was never
observed when Sc consisted of four or six pulses at 15 Hz (Figs.
44, 5A4). Indeed, in WT mice, the DA overflow evoked by either
four or six pulses had the same maximal amplitude (amplitude
ratio, 0.98 = 0.04; mean *= SEM; six animals), whereas in D2—/—
mice, the DA overflow evoked by six pulses was significantly
larger (p < 0.05) than the overflow evoked by four pulses in the
same animal (amplitude ratio, 1.18 = 0.05; mean = SEM; n = 5).
This suggests that, in WT mice, the amount of DA released by the
fourth pulse and those following was inhibited by early released
DA during a train stimulation at 15 Hz.

Autoinhibition induced by four pulses at 15 Hz vanished 600
msec after the end of the conditioning stimulation (Fig. 4). Are
autoreceptors functional at this time? An experiment consisting
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Figure 6. Inhibition of DA release with stimulations mimicking both

discharge patterns of DA neurons. A typical recording in a WT mouse
(A) shows the DA overflow evoked by single pulses at 2 Hz before and
after one stimulation of four pulses at 15 Hz. The amplitude of the DA
overflow observed for each stimulation is expressed in percentage
(mean = SEM; n = 10) of the averaged amplitudes of the DA overflow
evoked by the two first single pulses (B). A stimulation mimicking a burst
(4 pulses at 15 Hz) transiently inhibited further DA release evoked by
single pulses mimicking the tonic discharge activity of dopaminergic
neurons (*p = 0.005).

of two steps was designed to address this question (data not
shown). First, one conditioning stimulation consisting of four
pulses at 15 HZ inhibited DA release evoked by S2 (time interval
of 200 msec). Second, two successive conditioning stimulations
(four pulses at 15 Hz) were applied with a time interval of 600
msec. DA autoinhibition induced by the latter was measured in
the same way after a time interval of 200 msec. Both inhibitions
were found similar (the DA overflow evoked by S2 expressed in
percentage of the overflow evoked by S1 were 53.2 = 5.8 and
56.4 * 5.1%, respectively; mean = SEM; n = 9), denoting
complete recovery of autoinhibition function.

Stimulations mimicking both discharge patterns of

DA neurons

Under physiological conditions, dopaminergic neurons tonically
discharge in the single spike mode, and single bursts occur as an
insert into this tonic activity (Grace and Bunney, 1984; Mirenow-
icz and Schultz, 1996; Horvitz et al., 1997). In rats and mice, the
average discharge rate is 4-5 Hz (Grace and Bunney, 1984;
Sanghera et al., 1984; Freeman and Bunney, 1987), and the
percentage of spikes within bursts is ~40% in freely moving rats
(Freeman and Bunney, 1987). The stimulation protocol used in
Figure 6 was designed to mimic a burst inserted into tonic
activity.

Figure 6 shows that, with a 500 msec interval, a single pulse
stimulation only slightly inhibited the DA release evoked by the
next single pulse. However, the DA overflow evoked by the
bursting stimulation induced a marked inhibition of DA release
evoked by the following single pulse stimulation. This inhibition
was short lasting because the second single pulse, applied 800
msec after the burst, induced a DA overflow significantly higher
than the overflow evoked by the previous one.

DISCUSSION

In vivo versus in vitro studies

The time course of DA autoinhibition in vivo represents our
major observation. DA released in the extracellular space stimu-
lates autoreceptors located on terminal fibers and inhibits its own
further release for 600 msec. This duration is close to that
described in vitro by Aroniadou-Anderjaska et al. (2000) for
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heteroregulation of glutamate release but shorter than durations
observed in vitro regarding several other cases of presynaptic
inhibition (Davies et al., 1990; Isaacson et al., 1993; Pfrieger et al.,
1994; Mitchell and Silver, 2000), including DA autoinhibition
(Limberger et al., 1991; Kennedy et al., 1992; Agneter et al.,
1994). One difficulty encountered by these latter studies was that
pharmacological blockade of autoreceptors did not completely
block autoinhibition. Indeed, Kennedy et al. (1992) investigated
the time course of autoinhibition of DA release by means of pairs
of single pulse stimulations and observed a marked inhibition of
the DA release evoked by the second pulse. However, this inhi-
bition was only partly reversed by sulpiride. Similar observations
have been reported by Mayer et al. (1988). The reasons for this
failure have not been elucidated, but incomplete autoreceptor
blockade has been suggested.

We observed here that DA autoinhibition was antagonized
almost entirely by the mixed D1-D2 antagonist haloperidol.
However, because haloperidol also altered DA clearance, we used
another approach in control experiments revealing autoinhibi-
tion: we compared DA release in WT mice and in mice lacking
D2 receptors, because autoreceptors are of the D2 type (Suaud-
Chagny et al., 1991; Lhirondel et al., 1998). As expected, we
found that DA autoinhibition was absent in D2—/— mice. Al-
though both presynaptic and postsynaptic D2 receptors are lack-
ing in these mice, only the former are involved in DA autoinhi-
bition. Indeed, DA autoinhibition is still observed in the striatum
of mice only lacking postsynaptic D2 receptors (Usiello et al.,
2000).

Mechanisms involved in the time course of

DA autoinhibition

With paired stimulations, we found that autoinhibition of DA
release was already active, but not maximal, 100 msec after the
beginning of DA release. It is likely that DA autoreceptors are
widely distributed outside synaptic contacts formed by dopami-
nergic terminals, because they can be stimulated by the extrasyn-
aptic extracellular DA level (Suaud-Chagny et al., 1991). There-
fore, diffusion of DA from release sites to autoreceptors might
contribute to the kinetics of autoinhibition onset. However, esti-
mates of DA diffusion in striatum suggests that this contribution
is negligible. Indeed, synchronous DA release evoked by electrical
stimulations might lead to homogenous DA concentration in the
extrasynaptic extracellular space within 10 msec (Garris et al.,
1994; Gonon, 1997). Here, the evoked variations of DA concen-
tration in the extrasynaptic extracellular space were directly mon-
itored. Thus, we showed that DA autoinhibition is still maximal
when DA released by the conditioning stimulation has been
cleared from the extracellular space by reuptake. Therefore, both
the onset and duration of autoinhibition are not governed by
kinetics of the DA overflow bathing autoreceptors. This suggests
that the time course of autoinhibition is governed by mechanisms
downstream from autoreceptors, such as modulation of Ca®*
channels by G-proteins, as already shown regarding several auto-
regulations, including that of noradrenaline release mediated by
a, receptors (Hille, 1994; Herlitze et al., 1996; Koh and Hille,
1997; Wu and Saggau, 1997). Finally, at time intervals sufficiently
long for complete recovery of DA release (0.6 sec), we found that
autoreceptors are fully able to activate again autoinhibition.
Likewise, presynaptic metabotropic glutamate receptors inhibit-
ing GABA release show no accommodation with prolonged stim-
ulations (Mitchell and Silver, 2000).
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Relationship between DA overflow and

autoinhibition amplitude

The DA overflow evoked in vivo by a single pulse induced little
inhibition of further DA release, whereas repetitive stimulations
were required to induce marked autoinhibition. In contrast, in
vitro studies showed marked DA autoinhibition elicited by single
pulses (Limberger et al., 1991; Kennedy et al., 1992). This dis-
crepancy between in vivo and in vitro observations might be
related to the fact that “for reasons which are not clear, local
electrical stimulation of dopamine release in slices leads to ab-
normally high extracellular concentration, relative to equivalent
stimulations in vivo using remote locations” (Michael and Wight-
man, 1999) (see also Kennedy et al., 1992; M. Benoit-Marand,
unpublished observations). Although autoinhibition of GABA
release can be elicited in slices by a single pulse (Davies et al.,
1990), bursts of four pulses are more effective (Cobb et al., 1999).
Repetitive stimulations are also required to elicit presynaptic
inhibition mediated by GABA and metabotropic glutamate re-
ceptors in slices of hippocampus and cerebellum (Isaacson et al.,
1993; Scanziani et al., 1997; Mitchell and Silver, 2000).

Repetitive stimulation is thought to promote neurotransmitter
spillover outside the synaptic cleft and, thus, activation of extra-
synaptic G-protein-coupled receptors (Hille, 1992; Isaacson et al.,
1993; Scanziani et al., 1997; Mitchell and Silver, 2000). Regarding
DA, it has been shown in vivo that most of DA released by a single
pulse diffuses outside synaptic cleft before reuptake (Garris et al.,
1994; Gonon, 1997). However, as illustrated here, repetitive stim-
ulation mimicking physiological bursts actually promotes DA
accumulation in the extrasynaptic extracellular space mainly by
overcoming DA reuptake (Chergui et al., 1994). We found that
such accumulation is needed to induce marked activation of D2
autoreceptors.

The relationship between the DA overflow evoked by repetitive
stimulations and autoinhibition amplitude appears complex: the
maximal extracellular DA level and the duration of DA exposure
both contribute to the strength of autoreceptor stimulation. Sim-
ilar observations have already been reported regarding stimula-
tion of postsynaptic D1 receptors (Gonon, 1997). Both studies
support Hille’s hypothesis of a “temporal summation” at
G-protein-coupled receptors (Hille, 1992).

Physiological functions of DA autoinhibition

Under physiological conditions, the extracellular DA concentra-
tion is almost entirely related to impulse flow (Keefe et al., 1993;
Svenningsson et al., 1999). Dopaminergic neurons tonically dis-
charge at low frequency and respond by one burst to sensory
(Steinfels et al., 1983; Freeman and Bunney, 1987; Horvitz et al.,
1997) and appetitive stimuli (Mirenowicz and Schultz, 1996). The
role played by DA autoinhibition in the relationship between
impulse flow and DA release is discussed below in light of our
observations concerning synchronous DA release evoked by ex-
ogenous impulse flow triggered by MFB electrical stimulation.
The artificial nature of our study must be kept in mind when
considering the following interpretations.

Our data concerning DA overflow evoked by single pulses
strongly suggest that autoinhibition plays a minor role in regulat-
ing DA release during tonic single spike activity. Concerning DA
overflow evoked by one burst, the role of autoinhibition depends
on burst length. The number of spikes per burst averages 3.2, but
bursts of up to 20 spikes are occasionally observed (Freeman et
al., 1985). We observed here that blockade of D2 autoreceptors by
haloperidol heterogenously enhanced the DA overflow evoked by
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train stimulations consisting of six pulses at 15 Hz: it minimally
affected the early phase of the DA overflow corresponding to first
pulses but greatly enhanced its late phase. Similar observations
have been reported regarding the effects of D2 antagonists on DA
overflow evoked by more prolonged stimulations (Kennedy et al.,
1992; Dugast et al., 1994; Garris et al., 1994; Cragg and Green-
field, 1997). These observations suggest that, via autoreceptors,
DA released by the first pulses inhibits further DA release evoked
by the following pulses in a train. However, these data are difficult
to analyze. Indeed, because DA overflow results from DA release
minus DA clearance by reuptake, DA overflow evoked by train
stimulations at physiological frequency (=20 Hz) reaches a pla-
teau after few pulses because of an equilibrium between release
and uptake (Dugast et al., 1994; Garris et al., 1994). Because D2
antagonists also indirectly inhibit DA uptake (Cass and Gerhardt,
1994), the specific role of autoinhibition is not clearly shown with
these antagonists. However, comparison shown here between
WT and D2—/— mice further suggests that, together with DA
uptake, autoinhibition actually prevents excessive extracellular
DA by imposing a plateau to DA overflow evoked by bursts
consisting of four pulses or more.

Repetitive bursting occurs at a frequency below 1 Hz (Grace
and Bunney, 1984; Freeman et al.,, 1985). We show here that
single bursts induce a marked inhibition of further DA release
lasting for 0.6 sec. Therefore, in physiological conditions, most
successive bursts do not inhibit each other. After one burst
elicited by appetitive stimuli, the tonic activity is still present
without apparent alteration (Mirenowicz and Schultz, 1996),
whereas after sensory stimuli it tends to decrease (Steinfels et al.,
1983; Horvitz et al., 1997). Freeman et al. (1985) reported a
postburst inhibitory period of 320 msec in freely moving rats.
Therefore, via autoinhibition, single bursts are in a position to
phasically inhibit for 0.6 sec additional DA release induced by
tonic activity.

The role played by DA autoinhibition on DA transmission
mediated by postsynaptic dopaminergic receptors is discussed
below in the light of hypotheses proposed by Gerfen and Wilson
(1996), although it must be recognized that the postsynaptic
action of dopamine on D1 receptors is probably more complex
than suggested by these hypotheses (Calabresi et al., 1997). In
dorsal striatum, 95% of the neuronal cell bodies belong to two
populations: striatopallidal and striatonigral neurons (Gerfen and
Wilson, 1996). The basal extracellular DA level caused by tonic
activity is high enough to tonically inhibit gene expression spe-
cifically in striatopallidal neurons, and this effect is mediated by
postsynaptic D2 receptors (Gerfen and Wilson, 1996; Svennings-
son et al., 1999). In contrast, a higher extracellular DA level
induced by either psychostimulants (Johansson et al., 1994; Ger-
fen and Wilson, 1996) or burst stimulation (Chergui et al., 1997)
is required to specifically increase gene expressions in striatoni-
gral neurons via D1 receptors. Moreover, the DA overflow
evoked by bursts facilitates in vivo the discharge activity of a
subpopulation of striatal neurons via D1 receptors (Gonon,
1997). Autoinhibition might play two important roles on DA
transmission. First, during bursts of action potentials, it prevents
excessive extracellular DA. Therefore, it contributes, together
with DA uptake, to shape the presynaptic signal controlling DA
transmission mediated by D1 receptors. Second, the DA overflow
evoked by one burst triggers a delayed and prolonged inhibition
of further DA release and, thus, might transiently attenuate the
tonic inhibitory DA transmission mediated by D2 postsynaptic
receptors.
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