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Dopamine (DA) is released from somatodendritic sites of neu-
rons in the substantia nigra pars compacta (SNc) and ventral
tegmental area (VTA), where it has neuromodulatory effects.
The aim of this study was to evaluate the role of D2 autorecep-
tor inhibition in the regulation of this somatodendritic release in
each region. Fast cyclic voltammetry at carbon fiber microelec-
trodes was used to measure electrically evoked DA release in
vitro. Furthermore, we compared D2 regulation of somatoden-
dritic release with the more familiar axon terminal release in
caudate putamen (CPu) and nucleus accumbens (NAc). Evoked
DA release was TTX-sensitive at all sites. There was significant
D2 autoinhibition of DA release in SNc; however, this mecha-
nism was two- to threefold less powerful, as compared with
axon terminal release in CPu. In contrast to SNc, somatoden-
dritic release in VTA was not under significant D2 receptor

control, whereas release in the respective axon terminal region
(NAc) was controlled strongly by autoinhibition. Thus, these
data indicate that, first, autoinhibition via D2 receptors consis-
tently plays a less significant role in the control of somatoden-
dritic than axon terminal DA release, and, second, even at the
level of somatodendrites themselves, D2 autoinhibition displays
marked regional variation. In the light of previous data indicat-
ing that DA uptake processes are also less active in somato-
dendritic than in terminal regions, these results are interpreted
as indicating that DA transmission is regulated differently in
somatodendritic zones, as compared with axon terminals, and
thus may have different functional consequences.
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Dopamine (DA) is stored and released from somatodendritic
regions of the dopaminergic neurons of the substantia nigra pars
compacta (SNc) (A9) and ventral tegmental area (VTA) (A10)
(Björklund and Lindvall, 1975; Geffen et al., 1976; Nieoullon et
al., 1977). Neuromodulatory actions of somatodendritic DA in-
clude autoreceptor inhibition of impulse propagation (Groves et
al., 1975; Aghajanian and Bunney, 1977; Lacey et al., 1987, 1990;
Mercuri et al., 1989) and heteroreceptor regulation of nondopa-
mine transmission from systems innervating these regions (Gale
et al., 1977; Reubi et al., 1978; Waszczak and Walters, 1983, 1984,
1986; Lantin Le Boulch et al., 1991; Aceves et al., 1992; Cameron
and Williams, 1993). However, somatodendritic signaling may
differ from axon terminal transmission in several respects (see
Rice et al., 1997). For example, postsynaptic specializations ap-
posed to dopaminergic dendrites are sparse (Wilson et al., 1977;
Reubi and Sandri, 1979; Cuello, 1982; Groves and Linder, 1983),
and extrasynaptic plasmalemmal receptors for DA are abundant
in the SN and VTA (Sesack et al., 1994; Yung et al., 1995).
Furthermore, release is regulated less strictly by DA reuptake in
somatodendritic than in striatal axon terminal regions (Cragg et
al., 1997). Taken together, these findings suggest that somatoden-
dritic DA signaling relies on extrasynaptic diffusion or “volume
transmission” (Fuxe and Agnati, 1991; Nicholson and Rice, 1991).
Thus, the time course and sphere of action of somatodendritic

DA may differ significantly from a large part of the neurotrans-
mission at axon terminal synapses.

Factors that regulate the extracellular concentration of DA
([DA]o) will be pivotal in determining the degree of neuromodu-
lation offered by DA. Defining these factors in SNc and VTA will
be a vital step in understanding fundamental features of somato-
dendritic signaling in these key regions. There are two mecha-
nisms that are central in the control of axon terminal DA neuro-
transmission in striatum in addition to DA synthesis and the
initial response to depolarization: DA uptake via the DA trans-
porter (DAT) (Bull et al., 1990; Cass et al., 1992; Kawagoe et al.,
1992; Nicholson, 1995; Giros et al., 1996) and inhibition of release
via presynaptic D2-like autoreceptors (Palij et al., 1990; Bull and
Sheehan, 1991; Limberger et al., 1991; Trout and Kruk, 1992;
Garris et al., 1994). In contrast, DA uptake in somatodendritic
regions is markedly less avid (Nissbrandt et al., 1991; Simon and
Ghetti, 1993; Cragg et al., 1997). Furthermore, it is unclear
whether autoreceptor inhibition is a factor in the regulation of
somatodendritic DA release (Nissbrandt et al., 1985; Kalivas and
Duffy, 1991; Nissbrandt and Hjorth, 1992) and how any such
mechanism might function in the SNc versus VTA. Such com-
parison of regional function might be crucial for understanding
both the physiology and pathophysiology of midbrain dopami-
nergic neurons, given the regional susceptibility of these cell
groups to neurodegeneration, e.g., in Parkinson’s disease (Gibb
and Lees, 1991). With the use of fast cyclic voltammetry and
carbon fiber microelectrodes, it is possible to measure DA release
from adjacent somatodendritic regions (Cragg et al., 1997; Rice et
al., 1997). Thus, in this study we compare directly the function of
autoreceptor control of evoked DA release between somatoden-
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drites and terminals and between the somatodendritic regions
SNc and VTA.

MATERIALS AND METHODS
Brain slice preparation. Brain slices were prepared as described previously
(Cragg et al., 1997; Rice et al., 1997) from male albino guinea pigs
(250–450 gm). A block of midbrain or rostral neostriatum was isolated
over ice, and slices 400 mm thick were cut on a Vibratome (Lancer Series
1000) in ice-cold artificial cerebrospinal fluid (HEPES-ACSF), which
contained (in mM): NaCl 120, NaHCO3 20, glucose 10, HEPES acid 6.7,
KCl 5, HEPES salt 3.3, CaCl2 2, and MgSO4 2, saturated with 95%/
O2 /5% CO2. Slices were maintained in HEPES-ACSF for at least 1 hr
before transferral to a recording chamber. The coordinates of midbrain
slice taken correspond approximately to A8.0–A8.7 mm anterior (A) to
the interaural line, according to the atlas of Smits et al. (1990). All slices
were equilibrated with the superfusion medium at 32°C for an additional
30 min before experimentation. The superfusion solution contained (in
mM): NaCl 124, NaHCO3 26, glucose 10, CaCl2 2.4, KCl 3.7, MgSO4 1.3,
and KH2PO4 1.3, gassed with 95% O2 /5% CO2. Flow rate was 1.3
ml/min.

Carbon fiber microelectrodes and fast cyclic voltammetry (FCV). Carbon
fiber microelectrodes for FCV were spark-etched to a tip length of 30–50
mm and beveled to a tip diameter of 2–4 mm (MPB Electrodes, London,
UK). Electrode calibrations were performed in the recording chamber
postexperiment, with 1–5 mM DA in Ringer’s solution at 32°C. Calibra-
tion solutions were made immediately before use from stock solutions in
0.1 M HClO4. The detection limit for [DA]o in situ was 30–40 nM.

Voltammetric measurements were made with a Millar Voltammeter
(P.D. Systems, West Moseley, UK) as described previously (Cragg et al.,
1997; Rice et al., 1997); the applied waveform was a dual-triangle wave
scanning from 20.7 to 11.3 V and back versus Ag/AgCl (see also Figs.
3, 5). Scan rate was 800 V/sec, and the sampling frequency was 4 Hz. All
current records illustrated are faradaic currents obtained by electronic
subtraction of the background current. Background-subtracted voltam-
mograms were monitored on a Gould 1602 storage oscilloscope and
recorded on digital audiotape for analysis with Strathclyde Electrophys-
iology software. In caudate putamen (CPu), y–t traces of [DA]o versus
time were obtained by sampling the current at the DA oxidation peak
(1530 mV vs Ag/AgCl). In striatum in general, changes in [DA]o can be
resolved more readily against time than in midbrain, owing to the greater
ratio of signals to background shifts than in midbrain; during stimulation,
DA voltammograms are accompanied in part, but followed in large part,
by some distortion because of pH- and Ca 21-dependent changes in
background current (Rice and Nicholson, 1989, 1995; Jones et al., 1994;
Rice et al., 1994).

Electrical stimulation. Bipolar stimulating electrodes were prepared
from Teflon-coated platinum wire as previously described (Cragg et al.,
1997; Rice et al., 1997) but with a smaller diameter: bare diameter 50 mm,
coated diameter 75 mm, tip separation 50 mm, and a total array size of
;200 mm. The tips of the bipolar electrode were positioned for surface
stimulation as previously described (Cragg et al., 1997; Rice et al., 1997).
The two forms of stimulation used were a train of pulses (0.1 msec pulses,
18 V) at either 10 Hz (see Rice et al., 1997) for 3–4 sec or a “pseudo-one
pulse” train (Singer, 1988) at 100 Hz for 0.1 sec. Stimulus pulses were
blanked electronically during voltammetric scanning to prevent interfer-
ence with the FCV signal. The voltammetric microelectrode was inserted
50–100 mm into the tissue directly between the stimulating electrodes.

Drugs and solutions. All drugs and chemicals were obtained from
Sigma (Poole, Dorset, UK) except (2)-quinpirole (RBI, St Albans,
Herts, UK). Fresh 10,0003 stock solutions of drugs were made daily in
deionized H2O. All solutions were applied by superfusion.

Experimental design and data analysis. Experiments were conducted as
described previously (Cragg et al., 1997; Rice et al., 1997): several
adjacent recording sites, each separated by ;200 mm, were sampled
within a given slice. Control recordings were made in one hemisphere
and compared with the experimental condition recordings from paired
sites in the contralateral hemisphere. SNc (A9) is defined as lateral to the
accessory optic tract and VTA (A10) as medial. All slices were stained
for tyrosine hydroxylase immunoreactivity (TH-ir), as described previ-
ously (Hajós and Greenfield, 1993), to confirm correct anatomical place-
ment. All data are expressed as mean 6 SEM; n 5 number of observa-
tions. For the figures, each mean percentage of control (“mean % of
control”) is the mean from a treatment population represented as a
percentage of the mean of the paired control population. Comparisons

for differences in means were assessed by paired Student’s t tests or
Wilcoxon signed ranks test (TTX).

Important considerations for an appropriate stimulation protocol. Auto-
receptor activity in vitro is highly sensitive to the duration of the electrical
stimulation applied (Singer, 1988): first, different stimulation durations
(and intensities) will elicit varying [DA]o and therefore a varying
concentration-dependent autoreceptor tone; second, there is a threshold
time period for autoreceptor activation after transmitter release (Singer,
1988; O’Connor and Kruk, 1991, 1992; Trout and Kruk, 1992; Palij and
Stamford, 1993; Wieczorek and Kruk, 1994). For example, a threshold
time for activation of D2 receptors in the rat limbic forebrain requires a
minimum exposure to DA of 500–1000 msec for an antagonist response
to be detectable (Trout and Kruk, 1992). Hence, appropriate stimulus
parameters must be selected when determining the role of autoreceptors
in the control of transmitter release by application of exogenous agonists
or antagonists. Similarly, a technique with appropriate time resolutions,
such as FCV, is necessary.

The effects of competitive autoreceptor antagonists can be observed
only in the presence of sufficient activation of the autoreceptor popula-
tion by released DA against which an antagonist can compete. Thus, a
stimulation train is required that will exceed any activation threshold
time and thus ensure sufficient time- and concentration-dependent re-
ceptor activation by endogenous DA. The multisecond stimulation trains
(at 10 Hz) that are appropriate for eliciting somatodendritic DA release
(Cragg et al., 1997; Rice et al., 1997) are suitable for this experiment. On
the other hand, the effect of an exogenous autoreceptor agonist requires
that activation of the autoreceptor population by the endogenous agonist,
DA, is submaximal. Thus, the effect of an exogenous agonist on trans-
mitter release is best examined with minimal endogenous tone at the
autoreceptor, i.e., after single-pulse stimulation (Singer, 1988). A single-
pulse stimulation results in less endogenous tone at the D2 autoreceptor,
as compared with multiple second trains, by two possible mechanisms:
first, resultant evoked [DA]o is less, and/or, second, the stimulation time
is shorter than the threshold time for activation of the DA autoreceptor
by endogenous DA. However, a train of pulses is necessary to obtain
measurable amounts of [DA]o from somatodendritic regions in this
system (Rice et al., 1997). Short high-frequency trains, or “pseudo-one
pulse” stimulations (# 100 msec; see also Palij and Stamford, 1993), offer
a compromise to a single pulse whereby high transmitter efflux is evoked
but in a period of time too short to activate the DA autoreceptor (Mayer
et al., 1988; Singer, 1988).

FCV at a carbon fiber microelectrode has the appropriate time and
space resolutions and sensitivity to resolve DA release at a subsecond
sampling rate in response to subsecond stimuli. As a result, the technique
is suited ideally to monitoring the role of autoreceptor control of DA
release in vitro, which requires subsecond control of stimuli duration and
transmitter measurements.

RESULTS

Identification of DA release
DA was detected with FCV at a carbon fiber microelectrode after
electrical stimulation in SNc, VTA, CPu, or nucleus accumbens
(NAc), as described previously (Bull et al., 1990; Palij et al., 1990;
Limberger et al., 1991; Trout and Kruk, 1992; Iravani et al., 1996;
Cragg et al., 1997; Rice et al., 1997), with either multisecond
stimulation trains (30–40 pulses at 10 Hz) or a pseudo-one pulse
stimulation (10 pulses at 100 Hz). The identification of extracel-
lular signals evoked by 10 Hz stimulation as DA and not other
monoamines or metabolites was confirmed previously (Cragg et
al., 1997; Rice et al., 1997) on the basis of anatomical, electro-
chemical (see also Figs. 3, 5), and pharmacological criteria. Sig-
nals evoked in the same regions in the current study by 100 Hz
pseudo-one pulse stimuli were also identified as DA: DA signals
were obtained only in TH-ir regions and had identical oxidation
(approximately 1530 mV) and reduction (approximately 2200
mV) peak potentials to exogenously applied DA and DA signals
obtained previously (see also Figs. 3, 5). No unstimulated levels of
DA were detectable.
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TTX sensitivity of evoked DA release
Evoked DA release was sensitive to inhibition by TTX (1 mM) in
all midbrain and axon terminal regions. Somatodendritic DA
release in both SNc and VTA (40 pulses, 10 Hz) was reduced
significantly to 6 6 4% of control release in paired sites from
0.21 6 0.02 mM (control) to 0.01 6 0.01 mM (TTX) ( p , 0.001,
n 5 16). Similarly, evoked DA release across CPu and NAc (30
pulses, 10 Hz) was abolished from 0.73 6 0.04 mM (control) to
undetectable levels (TTX) ( p , 0.01, n 5 9).

DA release evoked by 10 Hz stimulation trains
The mean peak [DA]o evoked by a multisecond 10 Hz stimulation
train in somatodendritic regions was (in mM 6 SEM): 0.26 6 0.03,
n 5 26 (SNc) and 0.44 6 0.05, n 5 26 (VTA) (Fig. 1). The mean
evoked [DA]o released from DA axon terminal regions during a
comparable 10 Hz stimulation train as used previously (Cragg et
al., 1997) was (in mM 6 SEM): 1.01 6 0.11, n 5 38 (CPu) and
0.75 6 0.06, n 5 14 (NAc) (Fig. 1). Thus, with the current
stimulation paradigm, the ratios of evoked [DA]o in terminal
versus somatodendritic regions were approximately fourfold in
A9 (CPu vs SNc) and ;1.7-fold in A10 (NAc vs VTA). These
ratios are independent of the duration (,5 sec) of the stimulus
train in striatal regions, because peak [DA]o in both CPu and
NAc is attained within the first second of 10 Hz stimulation (see
Fig. 3b).

DA release evoked by pseudo-one pulse stimulation
When a shorter train of stimulation, a pseudo-one pulse stimulus
(Singer, 1988), was used (100 msec train of 10 pulses at 100 Hz),

the concentrations of [DA]o released in each region were (in mM

6 SEM): 0.18 6 0.02, n 5 16 (SNc); 0.36 6 0.04, n 5 14 (VTA);
1.40 6 0.19, n 5 29 (CPu); and 1.42 6 0.14, n 5 24 (NAc) (Fig.
1). Compared with evoked [DA]o during the multisecond stimu-
lus trains at 10 Hz, [DA]o in somatodendritic regions was reduced
by 1.5-fold in SNc ( p , 0.05) and by 1.2-fold in VTA, whereas
[DA]o in terminal regions was enhanced by 1.4-fold in CPu ( p ,
0.05) and by 1.9-fold in NAc ( p , 0.01). Therefore, with a
pseudo-one pulse stimulus train, the ratios of evoked [DA]o in
terminal versus somatodendritic regions were approximately dou-
bled to eightfold in A9 (CPu vs SNc) and fourfold in A10 (NAc
vs VTA).

D2 receptor control of DA release evoked by 10
Hz trains
In the presence of a supramaximal concentration (see Lacey et
al., 1987) of the D2-antagonist sulpiride (1 mM), there was a
significant increase in mean peak evoked [DA]o in SNc to 131 6
13% of paired controls from 0.34 6 0.04 mM to 0.44 6 0.05 mM

( p , 0.05, n 5 13) (Figs. 2a, 3a). In contrast, evoked [DA]o in the
adjacent VTA was not affected significantly by sulpiride applica-
tion at 106 6 11% of paired controls, representing 0.57 6 0.05 mM

in control and 0.61 6 0.06 mM with sulpiride (Fig. 2a, n 5 16).
Evoked DA release in nerve terminal regions in both CPu and

NAc was increased markedly by sulpiride. Maximum evoked
[DA]o in CPu was increased significantly to 242 6 23% of paired
controls from 1.74 6 0.13 mM to 4.22 6 0.39 mM ( p , 0.001, n 5
14) (Figs. 2a, 3b). In NAc, evoked [DA]o was increased signifi-
cantly to 265 6 19% of paired controls from 0.72 6 0.10 mM to
1.92 6 0.14 mM ( p , 0.01, n 5 3) (Fig. 2a). The degree of
modulation of evoked [DA]o by sulpiride in terminal regions
(CPu) was significantly greater than in somatodendritic regions
(SNc) ( p , 0.001; Student’s t test). In addition, the action of
sulpiride demonstrated a time dependency: in CPu, [DA]o in-
creasingly was enhanced with increasing time of stimulus and was
enhanced significantly compared with control only after at least
750 msec stimulation (Fig. 3b).

In somatodendritic regions the D2 receptor agonist quinpirole
(1 mM) had no inhibitory effect on evoked [DA]o (40 pulses, 10
Hz) that might be comparable to the action of sulpiride. Evoked
[DA]o from SNc in quinpirole was 104 6 15% of paired controls,
representing no significant change from 0.19 6 0.03 mM in control
versus 0.20 6 0.03 mM in quinpirole (n 5 13) (Figs. 2b, 3a).
Similarly evoked [DA]o from VTA was unaffected by quinpirole
at 91 6 16% of control: 0.24 6 0.03 mM versus 0.22 6 0.04 mM

(n 5 10) (Fig. 2b).
Conversely, in DA terminal regions, there was a significant

decrease in evoked [DA]o (30 pulses, 10 Hz) during quinpirole
administration in both CPu and NAc. Maximum evoked [DA]o in
CPu was reduced significantly to 31 6 2% of paired controls from
0.58 6 0.04 mM to 0.18 6 0.01 mM ( p , 0.001, n 5 25) (Figs. 2b,
3b). In NAc, evoked [DA]o was reduced significantly to 56 6 4%
of paired controls from 0.76 6 0.08 mM to 0.42 6 0.03 mM ( p ,
0.01, n 5 11) (Fig. 2b). Whereas the action of sulpiride was
increasingly prominent after 750 msec of stimulation, the effect of
quinpirole was, in contrast, most pronounced in the initial phase
of DA release, before 750 msec of stimulation (Fig. 3b).

D2 receptor control of DA release evoked by a pseudo-
one pulse stimulus
Sulpiride (1 mM) had no significant effect on [DA]o evoked by
pseudo-one pulse stimulation (10 pulses, 100 Hz) in any region

Figure 1. Evoked dopamine release in somatodendritic and axon termi-
nal regions with varying pulse protocol. The graph illustrates the mean
maximum evoked [DA]o in somatodendritic regions, SNc and VTA, and
axon terminal regions, CPu and NAc, with sustained stimulus trains (10
Hz, 30/40 pulses (p), unfilled bars) versus a pseudo-one pulse stimulus (100
Hz, 10 pulses; filled bars). Evoked [DA]o was consistently greater in
terminal than in somatodendritic regions. Evoked [DA]o was significantly
less with the pseudo-one pulse stimulus than with the sustained lower
frequency stimulus in SNc (*p , 0.05) and tended toward a similar
decrease in VTA. In contrast, evoked [DA]o was significantly greater with
the pseudo-one pulse stimulus than with the sustained lower frequency
stimulus in both CPu (*p , 0.05) and NAc (**p , 0.01); n 5 14–38.
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tested (Fig. 4a). Evoked [DA]o was not affected significantly in the
somatodendritic regions, SNc (93 6 5%; 0.17 6 0.02 mM in
control vs 0.16 6 0.01 mM in sulpiride, n 5 7) (Figs. 4a, 5a) or
VTA (82 6 17%; 0.28 6 0.06 mM in control versus 0.23 6 0.05 mM

in sulpiride, n 5 5) (Fig. 4a) or in the DA terminal regions, CPu
(102 6 8%; 0.65 6 0.05 mM in control versus 0.65 6 0.05 mM in
sulpiride, n 5 10) (Figs. 4a, 5b) or NAc (104 6 11%; 1.33 6 0.15
mM vs 1.38 6 0.15 mM, n 5 8) (Fig. 4a).

In contrast, with the use of a pseudo-one pulse stimulation

paradigm, 1 mM quinpirole subsequently caused a significant
decrease in evoked somatodendritic [DA]o in SNc to 70 6 10% of
paired controls from 0.19 6 0.02 mM to 0.13 6 0.02 mM ( p , 0.05,
n 5 8) (Figs. 4b, 5a). In contrast, evoked [DA]o in VTA remained
unaffected by quinpirole at 98 6 14% of paired controls, 0.43 6
0.05 mM in control versus 0.42 6 0.06 mM in quinpirole (n 5 8)
(Fig. 4b). The most significant changes in one-pulse-evoked
[DA]o after quinpirole were seen in axon terminal regions (Fig.
4b). Quinpirole significantly reduced evoked [DA]o in CPu to
29 6 2% of paired controls from 2.48 6 0.44 mM to 0.71 6 0.03 mM

( p , 0.001, n 5 12) (Figs. 4b, 5b) and in NAc to 34 6 3% of
paired controls from 1.46 6 0.13 mM to 0.50 6 0.04 mM ( p ,
0.001, n 5 23) (Fig. 4b).

DISCUSSION
Characteristics of evoked DA release
We previously have determined that electrically evoked somato-
dendritic release of DA from SNc is dependent on extracellular
calcium and stimulation frequency, is TTX-insensitive (Rice et
al., 1997), and, in contrast to some suggestions (Nirenberg et al.,
1996), is not mediated by reversal of the DA uptake transporter
(DAT) (Cragg et al., 1997). On the other hand, the DAT is active
in the SNc in the reuptake of DA (Cragg et al., 1997). In those
studies the TTX insensitivity, coupled with the Ca21 depen-
dence, suggested that release was stimulated by directly activating
voltage-dependent Ca21 channels, independent of the status of
voltage-dependent Na1 channels. Previous studies have used
TTX sensitivity to address the question of whether somatic Na1

channels, i.e., neuronal firing, are required for somatodendritic
release. However, the finding that nonattenuating potentials in
DA dendrites also are mediated by voltage-dependent Na1 chan-
nels (Häusser et al., 1995) indicates that experiments with TTX
alone do not address that particular question. In the present study
a release mechanism that was TTX-sensitive was recruited by
reducing our stimulus current either directly, by reducing applied
voltage, or indirectly, by increasing the resistance of the stimu-
lating electrode–solution interface (reduced surface area). Thus,
we are now able to study somatodendritic release elicited by a
mechanism that is dependent on voltage-dependent Na1

channels.

Comparison of somatodendritic and terminal
DA release
Evoked [DA]o was greater from axon terminal than from soma-
todendritic regions, as previously reported (Iravani et al., 1996;
Cragg et al., 1997; Rice et al., 1997), and consistent with tissue
DA content (Heeringa and Abercrombie, 1995). Moreover,
within a given region, the ratios of peak [DA]o released in
response to the two types of pulse trains were different in soma-
todendritic, as compared with terminal, regions. Whereas in both
SNc and VTA a sustained 10 Hz train evoked greater [DA]o than
the pseudo-one pulse, in CPu and NAc a sustained 10 Hz train
evoked lower peak [DA]o than a pseudo-one pulse. Such a dis-
crepancy arises from a complex interplay of many factors, includ-
ing the ability to follow depolarization frequency and processes
that constrain [DA]o during stimulation, such as storage, uptake,
and autoinhibition of release. Thus, these data are indicative of a
net prevailing difference in such processes at somatodendritic
versus terminal levels. In fact, somatodendritic and axon terminal
sites may differ in their primary DA storage site (Cuello and
Kelly, 1977; Mercer et al., 1979; Wassef et al., 1981; Heeringa and
Abercrombie, 1995) (see also Rice et al., 1997), whereas DA

Figure 2. Summary of the effect of D2 receptor modulation on [DA]o
evoked by a 10 Hz sustained stimulation in somatodendritic and axon
terminal regions. Shown are the effects of (a) D2 antagonism and (b) D2
agonism on evoked [DA]o (10 Hz, 30/40 pulses) in somatodendritic
regions and terminal fields of the A9 and A10 populations. a, Sulpiride (1
mM) significantly increased [DA]o , as compared with controls, in SNc
(*p , 0.05), but not in VTA ( p . 0.05). Sulpiride significantly increased
[DA]o , as compared with controls, in both dorsal CPu (***p , 0.001) and
NAc (**p , 0.01). The degree of modulation of evoked [DA]o in CPu by
sulpiride was significantly greater ( p , 0.001) than in SNc; n 5 3–16. b,
Quinpirole (1 mM) had no significant effect, as compared with controls, in
SNc ( p . 0.05) or VTA ( p . 0.05). In contrast, quinpirole significantly
reduced [DA]o , as compared with controls, in both dorsal CPu (***p ,
0.001) and NAc (**p , 0.01); n ranges from 10 to 25. Data are the mean
percentage of control 6 SEM.
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reuptake systems are more active in axon terminal regions (Cragg
et al., 1997). Furthermore, as the current data show, there is,
indeed, heterogeneity in the D2 receptor control of release.

D2 receptor control of axon terminal DA release
Consistent with previous data (Palij et al., 1990; Bull and Shee-
han, 1991; Limberger et al., 1991; Trout and Kruk, 1992; Garris et
al., 1994), evoked DA release in CPu and NAc was regulated
strongly by D2 autoreceptor inhibition, as indicated by the marked
enhancement of [DA]o after D2 receptor antagonism by sulpiride
and the reduction of [DA]o during D2 agonism by quinpirole. The
time course of autoinhibition in CPu was consistent with a time
delay for D2 receptor activation by DA in vitro. In particular,
competitive D2 antagonism by sulpiride was seen only after at
least 750 6 250 msec of stimulation and not during only a
pseudo-one pulse train; in contrast, a competitive agonist action
of quinpirole was most prominent during the pseudo-one pulse
and before 500–1000 msec of 10 Hz stimulation despite the
greatest evoked [DA]o in this period. A comparable delay period
has been reported previously for activation of D2 receptors in
striatum after DA release (Trout and Kruk, 1992), for a2 recep-
tors in bed nucleus of stria terminalis after norepinephrine re-
lease (Palij and Stamford, 1993), and for 5-HT1A receptors in
dorsal raphe nucleus after 5-HT release (O’Connor and Kruk,
1991, 1992).

D2 receptor modulation of somatodendritic DA release
in SNc
Somatodendritic DA release evoked in SNc was enhanced signif-
icantly by D2 receptor antagonism and reduced by D2 receptor
agonism during appropriate stimuli. These data indicate directly,
for the first time, that D2 receptors are operative as an autoin-
hibitory mechanism to regulate somatodendritic release. How-
ever, D2 autoinhibition of somatodendritic release differs from
terminal release both quantitatively and qualitatively. First, the
degree of modulation of [DA]o by D2 receptors was approxi-
mately twofold less in SNc than in CPu. Second, the action of D2

agents on somatodendritic release was observed only during the
stimulation protocol optimized for the treatment. Specifically,
the agonist effects of quinpirole in SNc were apparent only when
the occupancy of the D2 receptor by endogenous transmitter
release was minimized with a pseudo-one pulse stimulus, whereas
in CPu an agonist effect was detected even throughout the sus-
tained stimulus. Together, these quantitative and qualitative dif-
ferences in D2 regulation of somatodendritic and terminal DA
release suggest that D2 autoinhibition in SNc is less effective than
in CPu presumably because of fewer D2 receptors.

Less effective autoinhibition of release, in conjunction with less
DA reuptake via the DAT (Nissbrandt et al., 1991; Simon and
Ghetti, 1993; Cragg et al., 1997), will result in an altogether

Figure 3. Typical voltammograms and traces of the effect of D2 receptor modulation on [DA]o evoked by a 10 Hz sustained stimulation in SNc and CPu.
a, Typical voltammograms of maximum [DA]o obtained during stimulation (10 Hz, 40 pulses) in SNc in control (Cont, solid line) and with (i) sulpiride
(Sulp, 1 mM) or (ii) quinpirole (Quin, 1 mM; dashed traces). DA oxidation current was increased in the presence of sulpiride and unaffected by the
application of quinpirole. The peak oxidation and reduction potentials of DA are indicated by (iii) a DA calibration voltammogram in Ringer’s solution
at 32°C and occur at 1530 and 2180 mV, respectively, versus Ag/AgCl (dotted lines). The voltammograms are scaled to illustrate relative concentrations.
Electrode sensitivity to DA was 6.0–16.4 nA/mM. Scale bars: 1 nA and 1 msec. iv, The applied FCV voltage waveform versus Ag/AgCl. b, Averaged traces
of evoked [DA]o versus time during stimulation (10 Hz, 30 pulses) in CPu. Stimulation was from t 5 1.0 to t 5 4.0 sec (solid bar). In control (F), [DA]o
was maximal at 0.5 6 0.25 sec after the start of the stimulus after a fast rise phase and then declined during stimulation. In the presence of D2 antagonism
by sulpiride (å), the decline phase of [DA]o was eliminated and [DA]o increased throughout the stimulus duration, reaching a maximum at t 5 2.75 6
0.25 sec after the start of the stimulus. [DA]o was elevated significantly, as compared with control, only after 0.75 sec of stimulation. In contrast, D2
agonism by quinpirole (M) was most prominent in the first 0.75 sec of stimulation by eliminating the initial fast rise phase. [DA]o increased gradually
during the stimulus, reaching a maximum at t 5 3.0 6 0.25 sec after the start of the stimulus. Data are the mean 6 SEM; times (s) are 6 0.25 sec;
n 5 7–26.
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different regulation of [DA]o in somatodendritic and axon termi-
nal regions. Such functional variation, together with the differing
anatomical constraints in these regions, e.g., sparse postsynaptic
specializations in dendritic zones (Wilson et al., 1977; Cuello,
1982; Groves and Linder, 1983) and extrasynaptic location of DA
receptors in the SNc and VTA (Sesack et al., 1994; Yung et al.,
1995), support the notion that the neuromodulatory actions of
somatodendritic release of DA differ in time course and sphere of
influence from those of more familiar axon terminal release
(Groves and Linder, 1983; Elverfors and Nissbrandt, 1991) (see
also Rice et al., 1997).

D2 receptor modulation of somatodendritic DA release
in VTA
Surprisingly, in contrast to SNc (A9), evoked [DA]o in the adja-
cent somatodendritic region, the VTA (A10), was unaffected by
both sulpiride and quinpirole, irrespective of the stimulus. These
observations suggest that D2 autoinhibition plays no part in reg-
ulating evoked DA release in VTA. However, this finding does
not hold for the A10 path per se: DA release in the terminal
region (NAc) is controlled strongly by autoinhibition, as demon-
strated by other researchers (Bull and Sheehan, 1991; Trout and
Kruk, 1992; Garris et al., 1994), and confirmed here. Although
these findings in VTA are consistent with those of Iravani et al.
(1996), who similarly failed to detect any D2 autoinhibition of
evoked DA release, release in that study was TTX-insensitive, i.e.,
evoked by a mechanism that was uncoupled from some ionic
mechanisms of regulation of membrane potential and thus also
likely to be uncoupled from any D2 receptor-mediated hyperpo-
larization. However, in the current study we demonstrate a lack of
autoreceptor control of evoked somatodendritic release in VTA
within a paradigm of release that is TTX-sensitive and thus also
coupled to local membrane potential.

It cannot be discounted that the observed regional heteroge-
neity in the D2 receptor control of somatodendritic DA release in
some manner might be related to the fact that the VTA may
contain more distal dendrites than the SNc; many distal dendrites
arising from the SNc actually ramify the SN pars reticulata
(Björklund and Lindvall, 1975; Fallon and Moore, 1978). On the
other hand, the heterogeneity in D2 receptor control is strongly
consistent with accumulating evidence of greater expression lev-
els of D2 protein in SNc than in VTA (Bouthenet et al., 1987;
Morelli et al., 1988; Sales et al., 1989; Mansour et al., 1990; Le
Moine and Bloch, 1991; Hurd et al., 1994). In particular, stronger
autoinhibition of release in SNc than in VTA may be attributable
to differential D2 receptor expression levels in the two tiers of
neurons that comprise the midbrain DA cell groups. Ventral tier
neurons found only in ventral SNc (Fallon and Moore, 1978;
Gerfen et al., 1985, 1987) have higher expression and protein
levels of the D2 receptor than dorsal tier cells found in dorsal SNc
and throughout VTA (Chiodo et al., 1984; Shimada et al., 1992;
Blanchard et al., 1994; Hurd et al., 1994; Sanghera et al., 1994;
Ciliax et al., 1995; Freed et al., 1995). Similarly, the greater
activity of DA uptake process via the DAT in SNc than in VTA
(Cragg et al., 1997) might be attributable to the greater expression
levels of the DAT in ventral tier cells (Shimada et al., 1992;
Blanchard et al., 1994; Hurd et al., 1994; Sanghera et al., 1994;
Ciliax et al., 1995; Freed et al., 1995). In any event, reduced
autoreceptor control and uptake via the DAT in VTA suggest
that released DA may be under a less strict regulation in VTA
than in the adjacent SNc. Such regional variation in somatoden-
dritic transmission in VTA and SNc may be important in the
differential susceptibility of these cell groups to the pathophysi-
ologies of schizophrenia and Parkinson’s disease, respectively.

Conclusions
In summary, this study demonstrates directly, for the first time,
functional D2 autoinhibition of somatodendritic DA release in
the SNc. On the other hand, autoinhibitory processes are less
important in the regulation of somatodendritic than axon termi-
nal [DA]o. In conjunction with a lower activity of DA uptake
systems (Cragg et al., 1997), these data suggest that somatoden-
dritic DA transmission thus will differ significantly from axon
terminal transmission in both time course and sphere of action.

Figure 4. Summary of the effect of D2 receptor modulation on [DA]o
evoked by a 100 Hz pseudo-one pulse stimulation in somatodendritic and
axon terminal regions. Shown are the effects of (a) D2 antagonism and (b)
D2 agonism on evoked [DA]o (100 Hz, 10 pulses) in somatodendritic
regions and terminal fields of the A9 and A10 populations. a, Sulpiride (1
mM) had no significant effect on evoked [DA]o (100 Hz, 10 pulses) in
either of the somatodendritic regions SNc or VTA or the terminal fields
CPu or NAc of the A9 or A10 system ( p . 0.05); n ranges from 5 to 10.
b, Quinpirole (1 mM) significantly reduced evoked [DA]o , as compared
with controls, in SNc (*p , 0.05) but had no effect in VTA ( p . 0.05). In
contrast, quinpirole significantly reduced [DA]o , as compared with con-
trols, in both dorsal CPu (***p , 0.001) and NAc (***p , 0.001); n 5
8–23. Data are the mean percentage of control 6 SEM.
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Furthermore, regional variation in D2 autoinhibition of release
between somatodendritic regions indicates that these findings not
only describe fundamental physiological features of somatoden-
dritic signaling but also may be pivotal for an understanding of
the mechanisms underlying the regional pathophysiology of mid-
brain DA cells.
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