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Dopamine (DA) is released not only from the terminals of 
the nigrostriatal projection, but also from the dendrites of 
these neurons, which arborize in the substantia nigra pars 
reticulata (SNR). Although striatal DA release has been ex- 
tensively studied by in viva microdialysis, dendritic DA re- 
lease in the SNR has not been characterized by this tech- 
nique. Extracellular DA was monitored simultaneously in the 
ipsilateral striatum and SNR. The nigral probe was implanted 
at a 50” angle, permitting 2.5 mm of SNR to be dialyzed. 
Delivery of the tracer Fluoro-Gold into the striatal probe ret- 
rogradely labeled tyrosine hydroxylase-positive cell bodies 
and dendrites in the vicinity of the nigral probe. Hence, it 
could be demonstrated that dopaminergic neurons near the 
nigral probe projected to the vicinity of the striatal probe. 
Addition of 50 mM KCI to the SNR perfusion solution pro- 
duced a 3.5-fold increase in DA and a 50% reduction in 
dihydroxyphenylacetic acid (DOPAC) in the SNR; in con- 
trast, this manipulation in the SNR caused DA release in the 
striatum to be decreased by 20 %, while striatal DOPAC was 
increased by 50%. Local administration of nomifensine (10 
PM) in the SNR produced a sevenfold increase in SNR DA 
but had no effect on striatal DA. Systemic injection of d-am- 
phetamine (2 mg/kg, s.c.) elevated DA in the SNR and stria- 
turn five- to sevenfold, while DOPAC was decreased in both 
structures by at least 40%. To determine the effect of tetro- 
dotoxin (TTX), basal concentrations of DA in the SNR were 
first elevated threefold by including nomifensine (1 PM) in 
the nigral perfusion solution. Under this condition, TTX (1 
PM) reduced DA release in both the SNR and striatum to 
below detectable limits. These data stand in contrast to pre- 
vious push-pull cannula studies, which found that TTX in- 
creases 3H-DA release in the substantia nigra. The present 
results demonstrate that DA release in the SNR and striatum 
share similar characteristics and serve to illustrate the use 
of microdialysis for the simultaneous measurement of trans- 
mitter release from dendrites and terminals of the same pop- 
ulation of dopaminergic neurons. 
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The discovery that dopamine (DA) is located not only in the 
terminals but also in perikarya and dendrites of nigrostriatal 
neurons led to the suggestion that DA may be released from 
dendrites in the substantia nigra (SN, Bjijrklund and Lindvall, 
1975). Subsequent immunohistochemical investigations have 
confirmed that the synthesizing enzymes for this catecholamine 
are also present in the dendrites of these neurons, some of which 
extend ventrally into the substantia nigra pars reticulata (SNR; 
Hijkfelt et al., 1984; Jaeger et al., 1984). Further support for the 
suggestion that DA may be released from dendrites in the SN 
has come from studies demonstrating that intranigral delivery 
of amphetamine decreases the firing of nigrostriatal neurons, 
while local application of haloperidol increases the activity of 
these neurons (Groves et al., 1975; Aghajanian and Bunney, 
1977). Since the original description of DA-containing dendrites 
in the SNR, dendritic release of 3H-DA has been demonstrated 
using nigral slices (Geffen et al., 1976), and in vivo by push-pull 
superfusion methodologies (for review, see Cheramy et al., 198 1). 
In the latter studies, local application of KC1 (30 mM), am- 
phetamine (1 PM), and benztropine (1 PM) were found to increase 
3H-DA release in the SN (Nieoullon et al., 1977a). However, in 
contrast to DA release in the striatum, blockade of fast sodium 
channels with tetrodotoxin (TTX) increased, rather than de- 
creased 3H-DA release in the SN (Nieoullon et al., 1977a). As 
a result, it has been suggested that a TTX-resistant, voltage- 
dependent calcium conductance may mediate dendritic DA re- 
lease in the SN (Nedergaard et al., 1989). 

Several lines of evidence indicate that DA release in the SN 
influences basal ganglia neurotransmission by activating either 
D, receptors on the terminals of striatonigral neurons or D, 
receptors located on the cell bodies and dendrites of dopami- 
nergic neurons (Aghajanian and Bunney, 1977; Gale et al., 1977; 
Reisine et al., 1979; Kozlowski et al., 1980; Cheramy et al., 
1981; Kelly et al., 1984; Robertson and Robertson, 1987, 1989). 
Activation of nigral D, receptors by dendritically released DA 
may serve an autoinhibitory role and thereby decrease striatal 
DA release (Cheramy et al., 1981). The reduction in dopami- 
nergic cell firing (Aghajanian and Bunney, 1977) and 3H-DA 
release in the striatum (Nieoullon et al., 1977b) after D, receptor 
activation in the SN and the reversal of these inhibitory actions 
by neuroleptics are consistent with this hypothesis. On the other 
hand, DA and the selective D, agonist SKF 38393 have been 
demonstrated to increase 3H-GABA release from nigral slices 
(Reubi et al., 1977; Starr, 1987). This result suggests that, in 
vivo, dendritically released DA may increase the release of GABA 
in the SNR by activating D, receptors located on terminals of 
striatonigral neurons (Reubi et al., 1977; Kozlowski et al., 1980; 



2210 Robertson et al. l Dopamine Release in the Substantia Nigra 

Gauchy et al., 1987; Robertson and Robertson, 1987; Starr, 
1987; Starr and Starr, 1989). 

Despite the large number of neurochemical, neuropharma- 
cological, elecrophysiological and behavioral studies suggesting 
that DA is released from the dendrites of nigrostriatal neurons, 
release of endogenous DA in the SN has not been demonstrated. 
Consequently, we attempted to characterize the endogenous re- 
lease of DA in the SNR of freely moving animals by in vivo 
microdialysis. In order to determine the effect of manipulating 
dendritic DA release on striatal DA output and metabolism, 
extracellular DA and metabolites were monitored simultaneous- 
ly in the ipsilateral SNR and sttiatum. In addition, the effect of 
local application of KCI, nomifensine, and TTX in the SNR, 
as well as systemically administered d-amphetamine on DA 
release, was evaluated in the ipsilateral SNR and striatum of 
freely moving rats. 

Materials and Methods 
Microdialysis probe construction. Concentric microdialysis probes were 
constructed using a design similar to that of Church and Justice (1987) 
and Robinson and Wh&haw (1988). Construction of the probe. corn: 
menced with the preparation of a 23-gauge stainless-steel main shaft 5- 
6 mm in length, and two lengths of 23-gauge stainless-steel tubing, each 
approximately 8 mm with a bevel at one end, which housed and pro- 
tected fused silica capillary inlet and outlet tubing (i.d., 75 pm; o.d., 
150 pm; Polymicro Technologies, Phoenix, AZ). The dialysis mem- 
brane, a copolymer of polyacrylonitrile and sodium methallyl sulfonate 
(Hospal-gambro Inc.; 40,000 molecular cutoff; i.d., 0.240 mm; dry) was 
glued to the main shaft with 2-ton epoxy (Devcon, Chicago, IL). One 
of the lengths of fused silica capillary tubing was inserted through the 
main shaft and dialysis membrane, terminating 0.3 mm from the end 
of the membrane. This length of silica tubing served as the probe inlet. 
A second 23-gauge cannula containing a shorter length of silica tubing 
was inserted into the main shaft of the probe and served as the outlet. 
The three-way junction between the main shaft, inlet, and outlet was 
secured with heat-shrink tubing (Small Parts Inc., Miami, FL) and 2-ton 
epoxy. The membrane was then capped with a small quantity of 2-ton 
epoxy and was completely covered with glue except for the exposed 
length. The nigral probes had effective dialysis-surface distances of 2.5 
mm. In order to sample the extracellular concentration of DA and 
metabolites from both the dorsal and the ventral aspects of the striatum, 
the striatal probes had a 4.5-mm exposed surface. Probes were rinsed 
with alcohol (80%) for 12-24 hr and then for at least 2 hr with sterile 
water prior to implantation. In vitro recoveries of DA, 3,4-dihydroxy- 
phenylacetic acid (DOPAC), homovanillic acid (HVA), and 5-hydrox- 
yindolacetic acid (5-HIAA) for the nigral probes were 6.8 k 0.3%, 4.8 
f 0.4%, 4.7 + 0.4%, and 4.7 f 0.4%, respectively (n = 4). In vitro 
recoveries of DA, DOPAC, HVA, and 5-HIAA for the striatal probes 
were13.1 ?0.8%,9.1 +0.6%,9.7+ 1.3%,and9.8-t 1.2%,respectively 
(n = 4). 

Surgery. The dialysis probes were implanted in the medial aspect of 
the SNR and ipsilateral striatum of 25 male Wistar rats (280-300 gm) 
under pentobarbital anesthesia (60 mg/kg, i.p.). To perfuse most of the 
medial-lateral (ML) extent of the SNR, the nigral probe was implanted 
at an angle that was 50” to the dorsal-ventral (DV) plane. In brief, 
approximately 15 min after the onset of anesthesia, subjects were placed 
in a Kopf stereotaxic frame with the nose bar fixed -4.2 mm below 0. 
The positioning arm of the stereotaxic frame was secured at a 50” angle 
(arm set to -5.0 mm) to the dorsal-ventral plane at interaural 0. The 
nigral probe was gently lowered into the SNR through a small burr hole 
in the temporal skull plate [anterior-posterior (AP) 3.0, ML 0.35, DV 
2.2 from interaural 0 according to the atlas of Paxinos and Watson, 
19861. The nigral probe was then secured in position with dental cement 
to four anchoring screws on the top of the skull. The striatal probe was 
lowered vertically into the striatum and was also secured with dental 
cement to the four anchoring screws on the top of the skull (AP 1.0, 
ML -2.8, DV -7.2 from bregma according to Paxinos and Watson, 
1986). Animals were housed individually in Perspex cages (35 x 35 x 
40 cm) with free access to food and water. Dialysis commenced 2 d 
after surgery. 

Microdialysis. Microdialysis and on-line analysis were performed ac- 
cording to Damsma et al. (1990). Briefly, the inlet cannula of the probe 

was connected to a perfusion pump (Carnegie Medicin) while the outlet 
was connected to the sample loop (100 ~1) of an electrically actuated 
sample injector by polyethylene tubing (i.d., 0.28 mm; length, 80 cm). 
The injector was set in the load for position for 20 min and was sub- 
sequently switched to the inject position for 24 set, after which time 
the cycle was repeated. These alternating modes of sample valve col- 
lection were controlled by an adjustable timer (Valco). The dialysis fibers 
were perfused with a 1.5 mM sodium phosphate-buffered solution con- 
taining 147 mM NaCl. 3 mM KCI. 1 mM M&l,. and 1.3 mM CaCI,. ~DH 
7.3) atl5 fil/min. 

I _, LI ~. 

Biochemical assay. Dopamine, DOPAC, HVA, and 5-HIAA were 
quantified by HPLC in conjunction with electrochemical detection 
(Damsma et al., 1990). The mobile phase was delivered by a dual-piston 
pump (Biorad) at 1.5 ml/min and consisted of 0.1 M acetic acid adjusted 
to pH 4.1 with solid sodium acetate, 0.5 mM octanesulfonic acid (Ko- 
dak), 0.0 1 mM Na,EDTA, and 150 ml of methanol/liter. A precolumn 
(50 x 3 mm; Nucleosil5C18) was placed between the pump and injector. 
Dopamine and metabolites were separated by reverse-phase liquid chro- 
matography (column: 150 x 4.8 mm, Nucleosil5C18). Electrochemical 
detection of nigral DA and metabolites was achieved by setting the 
glassy carbon working electrode at +700 mV against the Ag/AgCl ref- 
erence electrode of the electrochemical detector (LC4B, BAS). Detection 
of striatal DA and metabolites was performed by the sequential oxi- 
dation and reduction of samples by a coulometric detection system 
(coulometric electrode, +0.4 V; amperometric electrode, -0.2 V, ESA, 
cell 50 11). Metabolites were detected by the coulometric cell, while DA 
was quantified with the subsequent amperometric electrode. The chro- 
matograms were recorded on a dual-pen chart recorder (Kipp). The 
detection limit of the BAS system was about 4 fmobinjection for DA, 
DOPAC, and 5-HIAA and 20 fmobinjection for HVA. The detection 
limit of the ESA system was about 6 fmol/injection for DA, DOPAC, 
and 5-HIAA and 20 fmol/injection for HVA. 

Experimentalprotocol. Microdialysis and analysis of DA and metab- 
olites were performed simultaneously in the sthatum and SNR. The 
effect of perfusing the nigral probe with KC1 (50 mM) for 40 min and 
nomifensine (10 PM) for 20 min on nigral and striatal DA and metab- 
olites was evaluated (n = 6). Because the concentration of DA in the 
nigral dialysate was near the limit of detection, DA in the SNR was 
first elevated 3.5-fold by perfusion with nomifensine (1 PM) for 80 min; 
TTX (1 PM) was then also included in the nigral perfusion solution for 
80 min (n = 5). The effect of d-amuhetamine suluhate (2 melka. s.c.) 
on the output of DA and metabolites~tiom the SNR-(n = ?) and s&mm 
(n Y 5; striatal probes of two animals plugged) was evaluated in a second 
group of rats that contained two animals from the first group. Basal DA 
and metabolite concentrations in the striatum and SNR were stable and 
had returned to pretreatment values for at least 60 min before beginning 
each new experimental manipulation (KCI, TTX, etc.). In addition, the 
order of drug treatments was varied between animals to control for 
potential order effects. 

Histology. The striatal probes of three rats were filled with a saline 
(0.9%) solution containing 4% Fluoro-Gold (FG), and 12 hr later the 
probes were flushed with saline. One week later, these animals were 
given an overdose of pentobarbital and perfused transcardially with 100 
ml of saline followed bv 200 ml of 0.1 M ohosnhate-buffered saline - . 
(PBS) containing 4% paraformaldehyde (PFA). The brains were re- 
moved, postfixed in 4% PFA for 12 hr, transferred to 0.02 M PBS, and 
stored at 4°C. Sections 35 pm thick were cut at room temperature with 
a vibrotome (Oxford) through the striatal and nigral implantation sites. 
Nigral sections were washed three times for 20 min with 0.02 M PBS 
and incubated in a cocktail containing 0.3% Triton X- 150,0.02% azide, 
and rabbit anti-tyrosine hydroxylase primary antibody (Eugene Tech) 
suspended in 0.02 M PBS for 48 hr. The sections were then washed 
three times with 0.02 M PBS and incubated in a cocktail containing 
0.3% Triton X-150, 0.02% azide, and Texas Red-labeled goat anti- 
rabbit antibody (Jackson Laboratories). After three washes with 0.02 M 

PBS, the sections were mounted and coverslipped with immersion oil 
(Zeiss). The sections were observed under a fluorescent Zeiss microscope 
using green light (530-560 nm) to visualize Texas Red-fluorescent neu- 
rons and ultraviolet light (340-380 nm) to visualize FG-labeled cell 
bodies. The brains of the remaining animals were removed and sliced 
at 40 pm on a freezing microtome to examine the position of the striatal 
and nigral membranes microscopically. 

Statistics. The average of the last three or four (less than 10% vari- 
ation) stable samples before treatment was considered as the control 
and defined as 100%. Data were analyzed using a one-way analysis of 
variance (ANOVA) with repeated measures. Individual comparisons 
were performed using Student’s t test. 
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Table 1. Basal DA and metabolite values (mean + SEM) in 
dialysate from the ipsilateral SNR and striatum 

Table 2. DA and metabolite ratios (mean + SEM) for basal DA, 
DOPAC, and HVA concentrations in dialysate from the ipsilateral 
SNR and striatum 

DA 
DOPAC 
HVA 
5-HIAA 

SNR Striatum 
(fmol/min; n = 11) (fmol/min; n = 9) 

0.61 -t 0.12 5.13 + 0.58 
83.2 5 13.8 790.4 + 74.2 
81.3 k 11.7 517.3 f 43.2 

392.2 f 32.0 350.0 f 43.5 

SNR(n= 11) Striatum (n = 9) 

DOPAC:DA 158.9 t 23.5 168.0 f 22.4 
HVA:DA 157.6 f 22.5 106.9 t- 8.96 
HVA:DOPAC* 1.029 k 0.052 0.672 + 0.048 

Statistical comparisons between DA and metabolite ratios for the SNR and stria- 
turn were performed using a two-tailed t test. *, p < 0.00 1. 

Results 
Histology 
Basal DA in nigral dialysate was detectable for the duration of 
the experiment in 11 animals. Histological examination of the 
SN of these animals revealed that the implantation site corre- 
sponded to a region 0.2-0.5 mm from the ventral surface of 
substantia nigra pars compacta (SNC) cell bodies in the medial 
aspect of the SNR (Fig. MB). Basal DA was undetectable if 
the nigral probe was implanted outside this region (n = 14). 
Delivery of FG into the striatal probe retrogradely labeled cell 
bodies and dendrites in the SNC (Fig. 1C). FG-labeled cell 
bodies and dendrites in the SNC were tyrosine hydroxylase 
positive, indicating that dopaminergic neurons near the nigral 
probe projected to the vicinity of the striatal probe (Fig. 1 B, C). 
Dopaminergic dendrites were often observed to surround the 
nigral probe (Fig. lB,C). Striatal probes were located in the 
medial aspect of the striatum in all of the animals (results not 
shown). 

Comparison of basal DA and metabolite output in the SNR 
and striatum 
Basal DA, DOPAC, HVA, and 5-HIAA output values in dialy- 
sate from the ipsilateral SNR (n = 11) and striatum (n = 9) are 
presented in Table 1. DA, DOPAC, and HVA in the SNR were 
approximately 10% of the corresponding striatal values, while 
5-HIAA was comparable in the two regions (Table 1). However, 
the exposed length of the nigral probe was approximately 50% 
that of the striatal probe, suggesting that the extracellular con- 
centration of 5-HIAA in the SNR is approximately double that 
in striatum. The HVA:DOPAC ratio in the SNR was signifi- 
cantly higher than that in the striatum (Table 2). 

Eflect ofperfusing the SNR with KC1 (50 mM) and 
nomtfensine (10 PM) on DA and metabolite 
output in the SNR and striatum 
Perfusion of the SNR for 40 min with KC1 (50 mM) increased 
DA release in the SNR by more than threefold (n = 6; p < 0.01; 
Fig. 2A). In contrast, DA was slightly, but significantly, reduced 
in the striatal dialysate samples during perfusion of the SNR 
with this high concentration of potassium (n = 6; p < 0.05; Fig. 
2A). The high potassium decreased DOPAC, HVA, and 5-HIAA 
in the nigral dialysate (p < 0.0 1; Fig. 2B), whereas DOPAC and 
HVA were elevated in the striatum by this treatment (p < 0.05; 
Fig. 2C). Inclusion of the DA uptake inhibitor nomifensine (10 
I.LM) in the nigral perfusion solution for 20 min elevated nigral 
concentrations of DA about sevenfold (p < 0.0 1; Fig. 3A). No- 
mifensine did not, however, alter the DA metabolites in the 
SNR (Fig. 3B). DA and metabolite concentrations in the stria- 
turn were not changed during perfusion of the SNR with nom- 
ifensine (Fig. 3C). 

Eflect of perfusing the SNR with nomtfensine (1 PM) and TTX 
(I MM) on DA and metabolite output from the SNR and 
striatum 
In this experiment, perfusion of the SNR with nomifensine (1 
PM) elevated nigral DA by over threefold (n = 5; p < 0.01; Fig. 
4A) but did not alter metabolite concentrations in the SNR 
dialysate (Fig. 4B). Striatal DA and metabolites were again not 
altered by elevation of nigral DA with nomifensine (Fig. 4A,C). 
Inclusion of TTX (1 PM) to the nigral perfusion solution resulted 
in a rapid and near complete block of DA release in both the 
SNR and the striatum (Fig. 4A; p < 0.01). In the SNR, HVA, 
but not DOPAC, was increased during the combined nigral 
perfusion of nomifensine and TTX (Fig. 4B; p < 0.0 1). DOPAC 
and HVA concentrations in the striatum were increased dra- 
matically by inclusion of TTX (1 PM) to the nigral perfusion 
solution (Fig. 4C, p < 0.01). 

Eflect of systemically administered d-amphetamine on DA 
and metabolite output from the SNR and striatum 
d-amphetamine (2 mg/kg, s.c.) produced a five- to sevenfold 
increase in DA release in both the striatum (n = 5) and SNR 
(n = 7; p < 0.0 1; Fig. 5A). The time courses of the amphetamine- 
induced DA release in the striatum and SNR were not statis- 
tically different (p > 0.5; Fig. 5A). d-amphetamine decreased 
DOPAC in the SNR (p < 0.01; Fig. 5B), while both DOPAC 
and HVA were reduced in the striatum (p < 0.01; Fig. 5C). 
d-amphetamine slowly increased 5-HIAA concentrations in the 
nigral and striatal dialysates (p < 0.05; Fig. S&C). 

Discussion 
In agreement with previous studies, perfusion of the SNR with 
a high concentration of potassium (50 mM) or a DA uptake 
blocker (nomifensine) increased endogenous concentrations of 
extracellular DA in the SNR (Nieoullon et al., 1977a; Cheramy 
et al., 1981). However, the absence of detectable DA in both 
the nigral and striatal dialysates after perfusion of the SNR with 
TTX (1 PM) is a notable discrepancy with the results of push- 
pull superfusion studies, which have reported that TTX increas- 
es 3H-DA release in the SNR (Nieoullon et al., 1977a; Cheramy 
et al., 198 1). Several differences between the push-pull and mi- 
crodialysis methodologies may account for this discrepancy. 
First, most push-pull studies have measured the release of newly 
synthesized 3H-DA in the SNR. It is possible that dendritic 
release of newly synthesized 3H-DA, unlike endogenous DA 
release, is not dependent on the propagation of action potentials 
by voltage-sensitive sodium channels. Second, push-pull studies 
are usually performed within hours after implantation of the 
probe; in the present study, microdialysis was performed 48 hr 
after probe implantation, at which time DA release has been 
shown to be calcium dependent and TTX sensitive (Nomikos 
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Figure 1. Photomicrographs of ni- 
grostriatal neurons in the vicinity of a 
dialysis probe placed in the SNR. A, 
The tract produced by the dialysis 
membrane (arrows) can be observed to 
span the ML extent of tyrosine hydrox- 
ylas&mmunoreactive cell bodies in the 
SNC. The dialysis probe is approxi- 
mately 0.2 mm ventral to the dopa- 
minergic perikarya comprising the SNC. 
Scale bar, 0.5 mm. B, High-power pho- 
tomicrograph of tyrosine hydroxylase- 
immunoreactive neurons in the vicin- 
ity of the dialysis membrane. Stained 
dendrites (open arrows) can be ob- 
served to extend ventrally from the la- 
beled cell bodies in the SNC so as to be 
in close proximity to the dialysis probe 
tract. C, SNC neurons retrogradely la- 
beled by filling the striatal dialysis probe 
with FG. Some FG-labeled neurons also 
contain tyrosine hydroxylase (B and C, 
solid arrows). Some FG-labeled den- 
drites can be seen to extend ventrally 
towards the dialysis probe tract (open 
arrows). Scale bar for B and C, 0.25 
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Figure 2. The effect of perfusing the SNR with a high concentration 
of KC1 (50 mM) on DA and metabolite output in the ipsilateral SNR 
and striatum. Each data point is the mean + SEM for six animals. A, 
Perfusion with KC1 (50 mM) for 40 min significantly increased DA 
release in the SNR @ < 0.01) while DA release was simultaneously 
decreased in the striatum (*, p < 0.05). B and C, DA metabolites in the 
SNR were reduced by high potassium (p < O.Ol), whereas this treatment 
increased DOPAC and HVA output in the striatum @ < 0.05). 

et al., 1990). At intervals less than 24 hr after probe implan- 
tation, DA release is only partly calcium- and TTX-sensitive 
and may represent damage related efflux (Westerink and De 
Vries, 1988). Third, in push-pull studies, the rapid movement 
of fluid during perfusion may damage tissue surrounding the 
probe. In contrast, tissue around the microdialysis membrane 
is not subjected to the potentially damaging effects of superfu- 
sion. In summary, the 2-d recovery period after probe implan- 
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Figure 3. The effect of local application of nomifensine (10 PM) to the 
SNR on DA and metabolite output in the SNR and striatum. Each data 
point is the mean + SEM for six animals. A, Nomifensine increased 
DA output in the SNR (p < 0.01) but was without significant effect in 
the striatum. I3 and C, Metabolite output in the SNR and striatum was 
not altered by perfusion of the SNR with nomifensine. 

tation and the less disruptive nature of microdialysis may ac- 
count for the complete TTX sensitivity of DA release measured 
in the SNR by this technique. It should also be noted that the 
large reductions in extmcellular striatal DA concentrations after 
nigral application of TTX suggests that striatal DA release is 
highly dependent on the propagation of action potentials gen- 
erated in the SN. 

The SN receives a significant input from 5-HT-containing 
neurons of the raphe nuclei (Dray et al., 1976; Fibiger and Miller, 
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Figure 4. The effect of local perfusion of the SNR with nomifensine 
(1 PM) and TTX (1 PM) on DA and metabolite output in the SNR and 
striatum. Each data point is the mean k SEM for five animals. A, 
Nomifensine significantly elevated DA in the SNR (p < 0.01) but did 
not alter striatal DA output. Inclusion of TTX (1 PM) in the nigral 
perfusion solution produced a rapid decline in DA output in the SNR 
(p < 0.01) and striatum 0, < 0.01) to levels below the detection limit. 
B and C, TTX increased HVA output in the SNR (p < 0.01) and 
increased DOPAC and HVA output in the striatum (p < 0.0 1). 

1977). In vitro studies suggest that serotonergic terminals in the 
SN can take up and release 3H-DA (Kelly et al., 1985). It is 
therefore possible that a small portion of the DA recovered from 
the SNR may have originated from non-dopaminergic neurons. 
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Figure 5. Effect of d-amphetamine (2 mg/kg, s.c.) on DA and metab- 
olite output in the SNR and striatum. Each data point is the mean + 
SEM for five to seven animals. A, d-amphetamine increased DA output 
in the SNR (p < 0.01) and striatum (p < O.Ol), and these increases were 
of similar magnitude and duration. B and C, DOPAC was significantly 
reduced in the SNR by amphetamine (p < 0.0 l), whereas both DOPAC 
and HVA were significantly reduced in the striatum (p < 0.01). d-am- 
phetamine significantly increased extracellular concentrations of 5-HIAA 
in the SNR and striatum (p < 0.05). 

Activation of D, receptors located on dopaminergic cell bod- 
ies and dendrites in the SN decreases the electrophysiological 
activity of SNC neurons (Aghajanian and Bunney, 1977; Nieoul- 
lon et al., 1977b). Hence, the ability of apomorphine to decrease 
and haloperidol to increase the loss of DA after administration 
of the tyrosine hydroxylase inhibitor cu-methylparatyrosine is 
thought to be mediated by inhibitory presynaptic receptors that 
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regulate DA synthesis and release (Anden et al., 1967, 197 1). 
Surprisingly, a sevenfold elevation in extracellular concentra- 
tions of nigral DA by nomifensine (10 PM) failed to influence 
extracellular concentrations of DA, DOPAC, and HVA in the 
striatum. This result may indicate that an insufficient number 
of D, autoreceptors in the SN were activated by a 20-min ap- 
plication of nomifensine to decrease DA release in the ipsilateral 
striatum. Alternatively, it may be that basal concentrations in 
the SN are sufficient to activate inhibitory D, autoreceptors fully 
or that DA release and metabolism in the striatum is not tightly 
controlled by impulse-regulating DA autoreceptors in the SNR. 
In support of the latter possibility, Westerink (1979) has found 
that, while haloperidol (0.5 mg/kg, s.c.) increases 3-methoxy- 
tyramine (3-MT) concentrations in striatal tissue, it fails to alter 
nigral 3-MT concentrations. The inability of apomorphine or 
haloperidol to influence the rate of disappearance of DA in the 
SN after ol-methylparatyrosine also suggests that DA release and 
metabolism in the SN is not regulated by local DA receptors 
(Nissbrandt et al., 1985). Microdialysis studies in which the 
SNR is perfused with D, receptor agonists and antagonists will 
be required to assess further the degree to which DA autore- 
ceptors in the SN regulate DA release in the striatum and SN. 

Although elevation of DA concentrations in the SNR by no- 
mifensine (I 0 PM) did not alter extracellular DA or metabolites 
in the striatum, depolarization of the SNR with high KC1 (50 
mM) decreased striatal DA by approximately 20%, while DO- 
PAC and HVA were elevated. Because KC1 (50 mM) elevated 
DA output in the SNR 3.5-fold while nomifensine increased 
DA output by sevenfold, it seems unlikely that enhanced den- 
dritic release of DA and its subsequent effects on DA autore- 
ceptors could have been responsible for the potassium-induced 
reduction in striatal DA output. Alternatively, perfusion of the 
SNR with a high concentration of KC1 may have decreased the 
activity of nigrostriatal neurons by interfering with their gen- 
eration of action potentials. Because a neuron must repolarize 
before a subsequent action potential can be generated, and be- 
cause repolarization is mediated by an outward movement of 
potassium ions through voltage-sensitive channels (Hille, 1984), 
an increase in the extracellular concentration of potassium in 
the SNR would oppose this outward flux, thus preventing re- 
polarization and the generation of action potentials. The ele- 
vated metabolites in the striatal dialysate after nigral perfusion 
with high potassium may have been due to an increase in the 
availability of intraneuronal DA for conversion to DOPAC and 
HVA. Similarly, perfusion of the SNR with high potassium may 
have decreased the DA metabolite output in the SN by reducing 
the availability of intraneuronal DA for conversion to DOPAC 
and HVA. 

d-amphetamine (2 mg/kg, s.c.) produced a five- to sevenfold 
increase in DA release in the striatum and SNR. The time 
courses of this effect were identical in the two structures, sug- 
gesting that amphetamine has similar actions on DA release in 
the striatum and SNR. Systemic administration of amphet- 
amine has also been shown to increase the release of endogenous 
DA from the A10 region (Kalivas et al., 1989). In addition, 
amphetamine has been shown to increase the release of newly 
synthesized 3H-DA from nigral slices (Paden et al., 1976) and 
from the SN after local administration (Cheramy et al., 1978). 
The ability of intranigral injections of D, receptor antagonists 
to attenuate the locomotor stimulant and sensitizing effects of 
amphetamine suggests that dendritic release of DA plays a sig- 
nificant role in regulating basal ganglia output (Jackson and 

Kelly, 1983; Stewart and Vezina, 1989). However, systemic 
administration of amphetamine fails to alter the excitability of 
D, receptor-bearing striatonigral terminals in the SNR (Ryan 
et al., 1989). Consequently, it is unclear whether D, receptors 
on the terminals of striatonigral neurons are influenced by am- 
phetamine administration. Nevertheless, the present data pro- 
vide direct evidence that d-amphetamine can indeed increase 
DA release in the SNR of awake, freely moving animals. 

The present study also indicates that dendritic release of DA 
in the SNR shares many of the characteristics of striatal DA 
release. Nevertheless, there are some differences in DA metab- 
olism in the two structures. For example, while peripheral ad- 
ministration of d-amphetamine decreased DOPAC and HVA 
concentrations in the striatum, only DOPAC was significantly 
reduced in the SNR. A dissociation between DOPAC and HVA 
metabolism was also seen in the SNR after nigral application 
of TTX (1 PM). TTX only increased the extracellular concen- 
trations of HVA in the SNR, while both DOPAC and HVA 
were elevated in the striatal dialysate by this treatment. One 
interpretation of these results is that nigral HVA is derived 
largely from 3-MT, while striatal HVA is derived to a greater 
extent from DOPAC. The finding that monoamine oxidase in- 
hibition produces a greater accumulation of 3-MT in the SN 
than in the striatum is consistent with the possibility that 
0-methylation may be a more important metabolic route in the 
SN (Nissbrandt et al., 1985). The prominence of 0-methylation 
in the SN is also indicated by the 3-MT:DA ratio after mono- 
amine oxidase inhibition, this being 0.1 in striatum and 0.5 in 
SN (Nissbrandt et al., 1985). 

In summary, the results of the present study demonstrate that 
dendritic release of DA in the SNR shares many of the properties 
associated with DA release in the striatum. Nigral DA release 
was increased by high potassium, nomifensine, and d-amphet- 
amine and blocked by TTX. The similarities in nigral and stri- 
atal DA release suggest that dendritic DA release serves a com- 
plementary role to that of terminal DA release in the striatum. 
Dopaminergic dendrites are strategically positioned to modulate 
the activity of striatonigral terminals in the SNR. Hence, by 
activating D, receptors located on the terminals of striatonigral 
neurons, dendritically released DA may modulate striatal out- 
flow and thereby play an important role in basal ganglia function 
(Robertson and Robertson, 1987). 
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