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Extracellular single unit recording and microiontophoretic 
techniques were used to determine the sensitivities and in- 
teractions of D, and D, dopamine (DA) receptors in the cau- 
date putamen (CPU) of rats that were denervated of DA by 
intraventricular injections of the catecholamine neurotoxin 
6-hydroxydopamine (B-OHDA). Seven to 10 d after the 
6-OHDA injection, DA levels in the ipsilateral CPU were re- 
duced to 4 1.8% of control. Current-response curves re- 
vealed that the inhibitory responses of CPU neurons to micro- 
iontophoretic administration of both the selective D, receptor 
agonist SKF-38393 and the selective D, receptor agonist 
quinpirole were significantly increased in 6-OHDA-pretreat- 
ed rats, suggesting up-regulation of both receptor subtypes. 
Although our previous studies have established that D, re- 
ceptor activation is normally required for (enables) the in- 
hibitory effects of selective D, agonists in the CPU, this re- 
quirement was no longer evident in 6-OHDA-denervated rats. 
Whereas acute DA depletion [produced by the tyrosine hy- 
droxylase inhibitor a-methyl-p-tyrosine (AMPT)] attenuated 
the inhibitory effects of quinpirole on CPU neurons, long- 
term DA denervation (produced by 6-OHDA) enhanced the 
inhibitory effects of the D, agonist. The enhanced effects of 
quinpirole in 6-OHDA-lesioned rats were not due to residual 
DA stimulating supersensitive D, receptors (i.e., enabling) 
since further DA depletion (99.7%), produced by acute 
administration of AMPT in 6-OHDA-lesioned rats, failed to 
diminish the inhibitory efficacy of quinpirole. In addition to 
relieving D, receptors from the need for D, receptor-me- 
diated enabling, 6-OHDA lesions also abolished the normal 
synergistic relationship between the receptor subtypes since 
low (subinhibitory) currents of SKF-38393 (4 nA) failed to 
potentiate the inhibitory effects of quinpirole on CPU neurons 
in lesioned rats. Similar findings (i.e., supersensitivity and 
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loss of synergistic effects) were obtained from rats that had 
received repeated pretreatment with reserpine (2.5 mg/kg) 
for 4 d, indicating that these effects of 6-OHDA lesions were 
due to the depletion of synaptic DA rather than to the struc- 
tural loss of DA terminals. Therefore, both the quantitative 
(potentiation) and the qualitative (enabling) synergistic ef- 
fects between D, and D, receptors in the rat CPU were abol- 
ished when these receptors were functionally supersensi- 
tive. The present study provides electrophysiological support 
for previous behavioral studies indicating that the require- 
ment of D, receptor stimulation for D, receptor-mediated 
functional effects (enabling) is not maintained in rats chron- 
ically depleted of DA by either 6-OHDA lesions or repeated 
reserpine. 

Both D, and D, dopamine (DA) receptor subtypes (Kebabian 
and Calne, 1979) exist on postsynaptic target neurons of the 
nigrostriatal (A9) and mesoaccumbens (AlO) DA systems (Boy- 
son et al., 1986; Dawson et al., 1986; Dubois et al., 1986; Creese, 
1987) and may be located on the same striatal cells (Stoof and 
Kebabian, 1981; Calabresi et al., 1988; Chneiweiss et al., 1988; 
Hu and Wang, 1988a; Wachtel et al., 1989). These receptors 
exert opposing influences on the production of cyclic adenosine 
monophosphate (CAMP) within the caudate putamen (CPU) 
(Stoof and Kebabian, 1981; Onali et al., 1984, 1985; Weiss et 
al., 1985; Cooper et al., 1986) but not the nucleus accumbens 
(NAc) (Stoof and Verheijden, 1986; Kelly and Nahorski, 1987). 
In addition, both D, and D, receptors have been shown to 
regulate neuronal excitability and single unit activity within the 
dorsal striatum (Akaike et al., 1987; Calabresi et al., 1987, 1988; 
Freedman and Weight, 1988; Hu and Wang, 1988a; Wachtel et 
al., 1989) and the NAc (Uchimura et al., 1986; White and Wang, 
1986; White, 1987; Hu and Wang, 1988b; Wachtel et al., 1989). 

Evidence obtained from extracellular recordings of rat NAc 
and CPU neurons, combined with microiontophoretic admin- 
istration of selective D, and D, agonists, indicates that stimu- 
lation of either the D, or D, DA receptor typically results in 
inhibition of both spontaneous and glutamate-induced activity 
(White and Wang, 1986; White, 1987; White et al., 1987; Hu 
and Wang, 1988a, b; Wachtel et al., 1989). In addition, there 
appears to be a synergistic interaction between the 2 receptor 
subtypes with respect to their inhibitory influence on many of 
these target neurons; i.e., coadministration of the 2 agonists 
produces a supraadditive inhibition of activity (White and Wang, 
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1986; Hu and Wang, 1988a). More important, recent evidence 
indicates that stimulation of the D, receptor is required for full 
expression of the inhibition produced by selective D, receptor 
stimulation since acute depletion of DA, achieved by the ty- 
rosine hydroxylase inhibitor a-methyl-p-tyrosine (AMPT), at- 
tenuates the inhibitory efficacy of selective D, agonists unless 
they are coadministered with a selective D, agonist (White, 
1987; White et al., 1987; Wachtel et al., 1989). A similar en- 
abling relationship exists with respect to the excitatory effects 
on rat globus pallidus neurons produced by intravenous admin- 
istration of D, agonists (Carlson et al., 1987; Walters et al., 
1987). 

Behavioral studies support the enabling role of D, receptors 
for D, agonist-induced functional effects. Reduction of D, re- 
ceptor activation produced by acute DA depletion abolishes the 
characteristic behavioral effects (enhanced locomotor activity 
and stereotyped sniffing) of selective D, agonists; coadministra- 
tion of a D, agonist reinstates these behaviors (Gershanik et al., 
1983; Braun and Chase, 1986; Jackson and Hashizume, 1986; 
Longoni et al., 1987; Walters et al., 1987; Meller et al., 1988; 
White et al., 1988). In addition, D, receptor blockade abolishes 
these behavioral effects of both mixed D,/D, agonists (Chris- 
tensen et al., 1984; Mailman et al., 1984; Arm, 1985a; Boyce 
et al., 1985; Schulz et al., 1985) and selective D, agonists in the 
presence of normal DA tone (Amt, 1985a; Breese and Meuller, 
1985; Molloy and Waddington, 1985; Pugh et al., 1985; Longoni 
et al., 1987; Walters et al., 1987). In contrast, D, receptor an- 
tagonists fail to block the effects of both mixed D,/D, agonists 
and selective D, agonists in behavioral models utilizing rats 
with supersensitive DA receptors (Amt, 1985b, Amt and Hyttel, 
1985; Breese and Meuller, 1985). Thus, while both D, and D, 
agonists elicit rotation in rats with unilateral 6-hydroxydopa- 
mine (6-OHDA) lesions of the nigrostriatal pathway, these ef- 
fects are blocked only by antagonists selective for those receptors 
(Amt and Hyttel, 1984a, 1985). Similarly, the hyperactivity 
produced by D, and D, agonists in rats with bilateral 6-OHDA 
lesions (Amt, 1985b; Breese and Meuller, 1985) or in rats treated 
repeatedly with reserpine (Amt, 1985a) is blocked only by the 
appropriate receptor-selective antagonist. These findings suggest 
that the necessity of D, receptor stimulation for D, receptor- 
mediated functional responses may be relieved after chronic 
DA depletion. However, synergistic rotational responses to D, 
and D, DA agonists can be observed in rats with unilateral 
6-OHDA lesions of the nigrostriatal tract (Robertson and Rob- 
ertson, 1986, 1987; Koller and Herbster, 1988; Rouillard and 
Bedard, 1988; Sonsalla et al., 1988). In addition, synergistic 
interactions between D, and D, selective agonists have also been 
reported with respect to the self-mutilative biting observed in 
rats that had received 6-OHDA as neonates (Breese et al., 1985b). 
These studies clearly indicate that D, and D, receptors may still 
work in concert to regulate behavior in DA-denervated rats. 

The present study was designed to determine whether chronic 
DA depletion, either by 6-OHDA lesions or by repeated reser- 
pine pretreatment, alters: (1) the sensitivities of D, and/or D, 
DA receptors as measured with extracellular single cell recording 
and microiontophoretic techniques; and (2) the enabling and 
synergistic relationships between these receptor subtypes with 
respect to regulating the activity of rat CPU neurons. 

Materials and Methods 
Animals andpretreutments. Male Sprague-Dawley rats (Harlan Sprague- 
Dawley, Indianapolis, IN) weighing 250-350 gm were used in all bio- 

chemical and electrophysiological experiments. Rats were housed (2/ 
cage) in a colony room that was maintained under constant temperature 
(21-23°C) and humidity (40-50%) on a 12: 12 hr light/dark cycle (on 
07:00/off 19:OO). Animals were allowed free access to food and water. 
The rats were divided into 7 treatment groups: (1) untreated controls 
(n = 22), (2) vehicle (ascorbic acid)-pretreated controls (n = lo), (3) 
AMPT pretreatment (n = 6), (4) 6-OHDA pretreatment (n = 15), (5) 
6-OHDA plus AMPT pretreatment (n = 1 l), (6) repeated saline pre- 
treatment (n = 4) and (7) repeated reserpine pretreatment (n = 8). All 
surgical procedures were performed in strict accordance with the Guid- 
ing Principles in the Care and Use of Animals of the Society for Neu- 
roscience. 

6-OHDA lesions. Destruction of nigrostriatal DA neurons was ac- 
complished using 6-OHDA, a selective neurotoxin for catecholamine 
systems (Ungerstedt, 1968). Before the injection of 6-OHDA, rats were 
pretreated with desipramine hydrochloride (25 mg/kg, i.p.; USV Phar- 
maceutical) to prevent the high-affinity uptake of the toxin into norad- 
reneraic terminals (Breese and Traylor, 1970). Rats were also pretreated 
with ihe monoamine oxidase inhibitor pargyline (40 mg/kg, i.p.; Sigma) 
to ootentiate the action of 6-OHDA (Breese and Travlor. 1970). Thirty 
~-r-  ~~ 

minutes later, rats were anesthetized with brevital sodium (40 mg/kg, 
i.p.; Eli Lilly). Burr holes were drilled in the skull over the lateral ven- 
tricle. The coordinates for the 6-OHDA injections were: 1.5 mm lateral 
to the sagittal sinus and 4.25 mm below the skull (Nobel et al., 1967; 
Zigmond and Snicker, 1972). A volume of 5 ~1 of 6-OHDA (100 pg 
free base; Sigma) or its vehicle (0.1% ascorbic acid in 0.9% NaCl; Mal- 
linckrodt) was injected into the right lateral ventricle. Incisions were 
closed with stainless steel autoclips (Clay Adams) and the area was 
infiltrated with the long-acting local anesthetic carbocaine hydrochloride 
(2%). Because some rats showed initial behavioral effects of 6-OHDA 
lesions (aphagia, adipsia), they were tube-fed a nutritional supplement 
(Nutra-cal; Evsco Pharmaceutical Corp.) and/or provided with a pal- 
atable wet mash to enhance recovery. 

AMPT pretreatment. The tyrosine hydroxylase inhibitor AMPT was 
administered to produce acute depletion of DA in one group of rats and 
additional DA depletion in another group of rats that had previously 
received 6-OHDA lesions (7 d postlesion). AMPT (Sigma) was given 
in 2 injections of 300 mg/kg and 200 mg/kg (both i.p.) separated by 2 
hr. Recording began 2 hr after the second injection and progressed for 
no longer than 4 hr. This treatment protocol has been shown to result 
in approximately 80% depletion of striatal DA (Walters et al., 1987; 
White et al., 1988). 

Reserpine pretreatment. A sustained depletion of DA was produced 
by repeated reserpine pretreatment. Reserpine (Ciba-Geigy) was ad- 
ministered once daily for 4 d in a dose of 2.5 mg/kg (s.c.). Two hours 
after the last injection, the CPU was removed for measurement of DA 
levels. The responses of CPu neurons to microiontophoretically applied 
D, and D, receptor agonists (see below) were also tested in a separate 
group of pretreated rats. 

Single unit recording and microiontophoresis. Seven to 10 d after the 
6-OHDA injections, pretreated rats were anesthetized with chloral hy- 
drate (400 mg/kg, i.p.) and mounted in a stereotaxic apparatus (Acti- 
vational Systems) with lambda and bregma in the same horizontal plane 
(Paxinos and Watson, 1986). Body temperature was maintained at 36- 
37.5”C with a thermostatically controlled heating pad (Fintronics). A 
25-gauge (5/8 in.) hypodermic needle was placed in a lateral tail vein 
through which additional anesthetic and saline were administered (as 
required). 

Five-barrel glass micropipettes (Activational Systems), filled with a 
few strands of fiberglass, were pulled with a micropipette puller (Narishi- 
ge Scientific Laboratory Instruments). Micropipettes were broken back 
under a microscope to approximately 5-8 pm at the tip. The recording 
barrel of each pipette was filled with a 2 M NaCl solution saturated 
with 1% Fast green (Fisher Scientific). The in vitro impedance of the 
recording barrel ofelectrodes was l-2 mQ, measured at 135 Hz (Winston 
Electronic-BLlOOOB). One side barrel ofthe micropipette was filled with 
a 2 M NaCl solution for automatic current balancing, and a second side 
barrel was always filled with monosodium glutamate (GLU, 10 mM in 
1 mM NaCl, pH 8; Sigma) for activating quiescent CPU neurons. The 
remaining side barrels contained SKF-38393 (D-7,8-dihydroxy-l-phe- 
nyl-2,3,4,5-tetrahydro-lH-3-benzazepine hydrochloride, 10 mM, pH 4; 
Research Biochemicals) and quinpirole hydrochloride (LY 17 1555, 10 
mM, pH 4; Eli Lilly). Retaining currents (positive for GLU and negative 
for SKF-38393 and quinpirole) of 8-10 nA were applied to drug barrels 
between ejection periods. The impedance of the side barrels was typi- 
cally between 20 and 60 mQ. 
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For recording CPU neurons, the micropipette was lowered via a hy- 
draulic microdrive (David Kopf Instruments) into the lateral CPU. The 
coordinates for recording were: 8.7-8.9 mm anterior to lambda, 3.0- 
3.3 mm lateral to the midline suture, and 3.5-5.5 mm below the cortical 
surface. Most CPU neurons were either quiescent or fired at extremely 
slow rates (< 1 spike/set) and were thus activated to fire by iontophoretic 
administration of GLU. Since the average basal firing rate of sponta- 
neously active CPU cells has been estimated at 4-5 spikes/set (Skirboll 
and Bunney, 1979), the ejection current of GLU was set to activate 
quiescent cells to about this rate (4-6 spikesisec). A few neurons were 
spontaneously active with relatively slow firing rates (~5 spikes/set) 
and were studied without GLU activation. CPU neurons appeared to 
be of 2 discernible types (Skirboll and Bunney, 1979; White et al., 1987; 
Nisenbaum et al., 1988), one exhibiting an apparent biphasic, negative- 
positive waveform, referred to as a Type I cell and the other (Type II 
cell) exhibiting positive-negative waveforms. 

Electrical signals were passed through a high-impedance amplifier 
(Fintronics), displayed on an oscilloscope (Tektronix), monitored by an 
audioamplifier (Grass), and led into a window discriminator (Fintronics) 
set such that the standard output was triggered by individual action 
potentials. Integrated rate histograms generated by the analog output of 
the window discriminator were plotted on a polygraph recorder (Gould 
220). In addition, the analog output was led to a printer (Date1 Intersil 
DPP-Q’I), which supplied a permanent record of the number of action 
potentials occurring in each 10 set epoch. 

Determination of drug efects on CPU neurons. The responses of CPU 
neurons to microiontophoretic administration of SKF-38393 and quin- 
pirole were determined by comparing the total number of spikes oc- 
curring before onset of any drug administration (basal firing rate) and 
during the period of drug ejections. To compare the sensitivity of CPU 
neurons to SKF-38393 and quinpirole in DA-depleted and control rats, 
current-response curves (l-64 nA) were determined for each neuron 
tested in both controls and DA-depleted rats. Each current was ejected 
for 2.3 mitt; then the current was doubled. Thus, each drug was ejected 
for a total of 16.1 min. The ejecting currents of SKF-38393 and quin- 
pirole required to induce 50% inhibition of basal firing (including spon- 
taneously active and GLU-activated) were also examined on each CPU 
neuron tested. Finally, the recovery time of neuronal activity from 
inhibition induced by the maximal current of either SKF-38393 or 
quinpirole was examined in control and DA-depleted rats. In these cases, 
the recovery from inhibitions induced by either SKF-38393 or quin- 
pirole was defined as the time for the cell to revert to at least 80% of 
its basal firing rate. 

Histology. At the end of each experiment, the final recording site was 
marked by passing a 25 PA cathodal current through the recording barrel 
for at least 15 min to deposit Fast green dye such that the recording 
sites could be confirmed histologically. Rats were then perfused with 
0.9% NaCl followed by 10% buffered formalin (Fisher Scientific) for 15 
min. Serial coronal sections were cut at 50 pm intervals and stained 
with cresyl violet and neutral red (J. T. Baker Chemical). The dye spot 
was observed under a light microscope and served as a reference point 
for the location of all cells investigated. In addition, the needle tracks 
produced by the 6-OHDA or vehicle-filled microsyringe (Hamilton), 
which passed through the cortex and the corpus callosum and opened 
to the lateral ventricle, were also verified histologically. 

Measurements of DA depletion. DA levels in the rat CPU were deter- 
mined 7 d after injection of 6-OHDA into the right lateral ventricle 
using high-pressure liquid chromatography with electrochemical detec- 
tion (HPLC-EC). In some rats, DA levels were measured after the com- 
bined pretreatment with 6-OHDA and AMPT (see above). In addition, 
the content of DA was also measured in rats that had received repeated 
reserpine pretreatment. Brain dissections and HPLC-EC were per- 
formed as described previously (Galloway et al., 1986). Following de- 
capitation, brains were rapidly removed and transferred to a cold dis- 
secting stage. The dura overlying the hypothalamus and the olfactory 
tubercles was removed. The brain was placed, dorsal side down, into a 
rat brain matrix (Activational Systems) designed to allow rapid repro- 
ducible slices of 2 mm thick coronal sections. The CPU (average weight 
20 mg) was removed from a 2 mm thick slice. After dissection, tissues 
were weighed and sonically disrupted (Branson Sonic Power) in 400 ~1 
of 0.1 M perchloric acid 0.1% sodium metabisulfite containing dihy- 
droxybenzylamine as an internal standard. The tissues were centrifuged 
(Damon) and then 350 ~1 of supematant was removed and brought to 
pH 8.5 by the addition of 25 ~1 of 3.0 M Tris base (pH 11). This solution 
was poured over miniature alumina columns. After one wash with H,O, 

catechols were eluted with 150 ~1 of 0.1 M oxalic acid. This eluate (35 
~1) was injected via a Rheodyne 7 125 injector (Rheodyne) onto an HPLC 
system that consisted ofthe following components: SSI Model 222 pump 
(Scientific System), one 5 pm C-8 reversed-phase column (25 cm, Bioan- 
alytical Systems), an MF- 1000 electrochemical transducer with a glassy 
carbon electrode maintained at 0.7 V (vs. Ag/AgCl reference electrode; 
Bioanalytical Systems). Separation was afforded with a mobile phase of 
8% methanol in 0.1 M monobasic sodium phosphate buffer, 0.2 mM 
octylsufonic acid, and 0.1 mM EDTA pumped at a flow rate of 0.8-l .6 
ml/min: the DH was varied from 2.7 to 3.1 with phosphoric acid as 
required for resolution of acids. Peak heights were monitored on a strip 
chart recorder (Kipp and Zonen) and the amount of compound present 
calculated by the internal standard method. 

Statistical analysis. Comparisons between the current-response curves 
generated with iontophoretic administration of DA agonists in control 
and pretreated rats were conducted with a repeated measures analysis 
of variance (ANOVA). All other comparisons were made with Student’s 
t-test or the chi-square test. 

Results 
Cell types within the CPU 
A total of 115 histologically verified rat CPU neurons (24 spon- 
taneously active and 9 1 GLU-evoked) were studied in the var- 
ious treatment groups. Of these 115 CPU neurons, 107 exhibited 
apparent negative/positive waveforms, characteristic of Type I 
striatal cells, as previously defined (Skirboll and Bunney, 1979; 
White et al., 1987; Nisenbaum et al., 1988). Because of their 
similar responses to SKP-38393 and quinpirole in each exper- 
imental group, the results obtained from Type I and II cells (n 
= 8) were combined in the present data analysis. These relative 
percentages are similar (84% Type I) to those originally reported 
by Skirboll and Bunney (1979), but are opposite to those re- 
ported (14% Type I) in the more detailed study of Nisenbaum 
et al. (1988). The use of low-impedance electrodes and high- 
pass filtering in the present study may result in a bias toward 
finding more apparent Type I neurons in the CPU by extracel- 
lular single unit recording (Nisenbaum et al., 1988). 

Effects of 6-OHDA lesions or repeated reserpine pretreatment 
on DA levels in the CPU 

Lesions of the nigrostriatal DA system produced by intraven- 
tricular injections of 6-OHDA resulted in approximately 88% 
reductions in DA levels in the ipsilateral CPU when measured 
7 d following injection of the toxin (Table 1). In addition, DA 
levels in the contralateral (left) CPU were also significantly re- 
duced by 72% following the injections of 6-OHDA into the right 
lateral ventricle, indicating diffusion of the toxin through the 
ventricular system. Rats that received AMPT pretreatment 7 d 
after the 6-OHDA lesions exhibited more pronounced loss of 
DA in the ipsilateral CPU (Table 1). Statistical comparisons were 
made between 6-OHDA-pretreated rats and controls. Similar 
to 6-OHDA lesions, daily treatments with reserpine (2.5 mg/ 
kg, s.c.) for 4 d resulted in approximately 98% reductions of the 
levels of DA in the rat CPU when compared to controls with 
repeated saline pretreatment (Table 1). 

Effects of 6-OHDA lesions on the responses of CPU neurons to 
SKF-38393 and quinpirole 

In agreement with previous results (Hu and Wang, 1988a; 
Wachtel et al., 1989), iontophoretic administration of the D, 
selective agonist SKP-38393 resulted in a biphasic current-re- 
sponse effect on many CPU neurons recorded in the lateral part 
of the CPU in control rats. At low currents (< 10 nA), SKF- 
38393 often facilitated the GLU-induced excitatory effect in 



Table 1. Levels of dopamine (ng/mg tissue) in the CPU of control, tophoretic quinpirole increase firing at higher currents (n = 2/ 
6-OHDA-lesioned, and reserpine-pretreated rats 36, or 5.6%) in control rats. 

Grouv 
Number 
of rats Dovamine 

% 
deple- 
tion 

Control 
6-OHDA 
6-OHDA + AMPT 
Saline (4 days) 
Reserpine (4 days) 

“P < 0.05. 

h P < 0.01 (t-test). 

12 13.5 + 0.4 0 
6 1.6 + 0.5 88.2 
6 0.04 + 0.01 99.16 
4 14.7 rk 1.7 0 
4 0.24 k 0.02 98.4* 

untreated (n = 1 l/l 7, or 64.7%, of cells) and vehicle-pretreated 
(n = 9/14, or 64.3%, of cells) rats (Table 2; Figs. 1, A and B, 
and 2A). A facilitation of neuronal activity induced by SKF- 
38393 was also observed on 5/9 (55.6%) spontaneously active 
CPU neurons tested in the 2 control groups. At higher currents 
(16-64 nA), SKF-38393 effectively inhibited almost all CPU 
neurons, whether spontaneously active or GLU-evoked, in both 
untreated (n = 16/17, or 94.1%) and vehicle-treated (n = 13/ 
14, or 92.9%) controls (Table 2; Figs. 1, A and B, and 2.4). 

The selective D, agonist quinpirole also produced biphasic 
effects on many GLU-evoked CPU neurons. At low currents 
(< 10 nA), quinpirole facilitated GLU-activated firing on neu- 
rons in both untreated (n = 16/22, or 72.7%) and vehicle-treated 
(n = 7114, or 50%) rats (Table 2; Figs. 1, A and B, and 2B). The 
facilitatory effect induced by quinpirole was found on only 1 of 
11 (9%) spontaneously active cells tested in the control rats. At 
higher currents (16-64 nA), quinpirole effectively suppressed 
(> 50% basal firing) the spontaneous and GLU-evoked activity 
on most CPU neurons tested (n = 28/36, or 77.8%) in both 
untreated (n = 17/22, or 77.3%) and vehicle-treated (n = 1 l/ 
14, or 78.6%) controls (Table 2; Figs. 1, A and B, 2B, and 7A). 
Among the remaining 8 cells, 6 still showed an inhibitory re- 
sponse to iontophoretic quinpirole although the degree of in- 
hibition was less than 50%. On only 2 CPU neurons did ion- 
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Seven to 10 d following 6-OHDA injections, the neuronal 
responses of CPU neurons to iontophoretic administration of 
both SKF-38393 and quinpirole were significantly altered. First, 
the percentage of GLU-evoked cells exhibiting enhanced activ- 
ity during administration of low currents of SKF-38393 or quin- 
pirole was significantly reduced (Table 2). Second, the inhibitory 
effect of both SKF-38393 and quinpirole on CPU neurons was 
significantly enhanced as compared to either untreated [F( 1,30) 
= 8.13, p < 0.01 and F(1,36) = 10.78, p < 0.01, respectively] 
or vehicle-treated [F(1,28) = 20.47, p < 0.001 and F(1,34) = 
7.39, p < 0.02, respectively] controls (Figs. 1,2, and 7C). These 
supersensitive inhibitory effects were observed on both spon- 
taneously active and GLU-activated cells. 

To facilitate quantitative comparisons between the various 
groups, linear regression analysis was performed on the current- 
response curve for each cell and the current required to produce 
a 50% reduction in basal firing (IC50) was estimated. As seen 
in Figure 3A, the ICSOs for both SKF-38393 and quinpirole 
were significantly reduced in 6-OHDA-pretreated rats as com- 
pared to untreated [t(30) = 3.15, p < 0.01 and t(35) = 6.37, p 
< 0.01, respectively] and vehicle-treated rats [t(27) = 3.94, p 
< 0.0 1 and ~(29) = 5.37,~ < 0.0 1, respectively]; the latter groups 
were not significantly different from one another. In addition, 
the time required for CPU neurons to recover to within 80% of 
their basal rate following 64 nA of either SKF-38393 or quin- 
pirole administration was also significantly prolonged following 
6-OHDA lesions (Fig. 3B) as compared to untreated [t(29) = 
2.52, p < 0.05 and t(30) = 2.37, p < 0.05, respectively] and 
vehicle-pretreated [t(28) = 2.67, p < 0.05 and t(31) = 2.38, p 
< 0.05, respectively] control groups. 

Efects of repeated pretreatments with reserpine on the 
responses of CPU neurons to SKF-38393 and quinpirole 

As in the untreated and ascorbic acid-pretreated controls, low 
currents (< 10 nA) of SKF-38393 (n = 5110, or 50%) and quin- 
pirole (n = 8/l 3, or 6 1.5%) facilitated GLU-evoked activity on 
CPU neurons located in the lateral part of the CPU of rats pre- 
treated with saline for 4 d (Table 2 and Fig. 4). At high currents 

Table 2. Comparison of the facilitatory and inhibitory effects induced by low and high currents of 
SKF-38393 and quinpirole on CPU neurons in various treatment groups 

Untreated 
m 

Vehicle 
(ascorbic 
acid) (%) 

AMPT 
(ON 

6-OHDA 
(Oh) 

Saline 
co4 

Reserpine 
(Oh) 

Facilitation of GLU-evoked activity” 
Low currents (< 10 nA) 

SKF-38393 1 l/17 (65) 9/14(64) - 2/16 (13) 5/10 (50) o/10 (OP 

Quinpirole 16/22 (73) 7114 (50) 9115 (60) 5/23 (22)* 8/l 3 (62) 3/10 (30) 

Inhibition of neuronal activityh 
High currents (16-64 nA) 

SKF-38393 16/17 (94) 13/14 (93) - 16/16 (100) 9110 (90) 9/10 (90) 
Quinpirole 1 l/22 (77) 1 l/14 (79) 4/l 5 (27)’ 21/23 (89) 8/13 (62) 9/10 (90) 

n Defined as at least a 10% increase over basal firing rate. 

b Defined as at least a 50% inhibition below basal firing rate. 
c Significantly less than that in combined (untreated and vehicle-treated) control groups (chi-square test, p < 0.01). 
d Significantly less than that in combined (untreated and vehicle-treated) control groups (chi-square test, p < 0.01). 

c Significantly less than that in saline group (chi-square test, p i 0.05). 
‘Significantly less than that in combined (untreated and vehicle-treated) control groups (chi-square test, p < 0.005). 
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Figure 1. Representative cumulative rate histograms illustrating the responses of CPU neurons to iontophoresis of SKP-38393 and quinpirole in 
rats that were untreated (A), pretreated with 6-OHDA (C and D), or pretreated with the ascorbic acid vehicle (B). Note that at low ejection currents, 
both SKP-38393 and quinpirole facilitated neuronal activity evoked by GLU in either untreated or vehicle-treated rats (see Table 2). When ejected 
at higher currents, both SKF-38393 and quinpirole effectively depressed neuronal activity. As compared to the 2 control cells (A and B), the 
inhibitory responses of CPU neurons to both SKF-38393 and quinpirole were markedly enhanced following 6-OHDA pretreatment (C and D). 
Lines and numbers represent the duration of iontophoretic current and the amount of current in nanoamperes (nA), respectively. 

(16-64 nA), either SKF-38393 (n = 9/10, or 90%) or quinpirole 
(n = 8/ 13, or 6 1.5%) effectively depressed the neuronal activity 
(> 50% basal firing rate) of most cells tested. The inhibitory 
response to high currents of quinpirole was also observed on 
the remaining neurons, although it was less than 50%. No in- 
crease of neuronal activity was observed when quinpirole was 
ejected with high currents. 

Two hours following the last injection of reserpine (2.5 mg/ 
kg/day for 4 d), the responses of CPU neurons to SKF-38393 
and quinpirole were significantly changed. The facilitation of 
GLU action induced by low currents of SKF-38393 (n = O/10) 
and quinpirole (n = 3/10, or 30%) was reduced (Table 2). The 
inhibitory effects of SKF-38393 and quinpirole on both spon- 
taneously active and GLU-evoked CPU neurons were signifi- 
cantly enhanced as compared to saline-treated rats. The in- 
creased inhibitory responses of CPU neurons resulted in 
significant leftward shifts of the current-response curves for SKF- 

38393 [F(1,18) = 8.33, p < 0.011 and quinpirole [F(1,21) = 
13.53, p < 0.011 in reserpinized rates (Fig. 4). Moreover, the 
IC5Os for both SKF-38393 [t(16) = 2.89, p < 0.051 and quin- 
pirole [t(l5) = 2.72, p < 0.051 were also significantly reduced 
in reserpinized rats as compared to saline-treated controls (Fig. 
5A). In addition, the recovery times of CPU neurons from SKF- 
38393 [t(18) = 2.35, p < 0.051 and quinpirole [t(18) = 3.85, p 
< 0.0 II-induced inhibition were also significantly prolonged 
following daily reserpine pretreatments (Fig. 5B) when com- 
pared to the saline control group. 

Interactions between D, and D, receptors on CPU neuronal 
activity 

In agreement with our previous findings (Wachtel et al., 1989), 
D, receptor activation was required for D, receptor-mediated 
inhibitory effects on CPU neurons in rats with normosensitive 
D, and D, receptors. Thus, acute depletion of DA with AMPT 
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Figure 2. Current-response curves showing the inhibitory effects pro- 
duced by microiontophoretic administration of the selective D, receptor 
agonist SKF-38393 (A) and the selective D, receptor agonist quinpirole 
(B) on CPU neurons in untreated, vehicle-treated (ascorbic acidj, and 
6-OHDA-treated rats. CPU neurons recorded in 6-OHDA rats were 
significantly 0, < 0.0 1) more sensitive to the inhibitory effects induced 
by both SKF-38393 (n = 16 cells) and quinpirole (n = 23 cells) as 
compared to either untreated (n = 17 and n = 22 cells, respectively) or 
vehicle-treated rats (n = 14 cells). Each data point represents the mean 
percentage inhibition f  SEM. 

significantly attenuated [F( 1,22) = 7.74, p < 0.021 the inhibitory 
effects of quinpirole on CPU neurons (compare Fig. 6, A and B, 
Fig. 7, A and B); coiontophoretic administration of SKF-38393 
(4 nA) reinstated the inhibitory efficacy of quinpirole in the 
AMPT-treated rats (Figs. 6B and 7B). In contrast to the acute 
depletion of synaptic DA produced by AMPT, chronic dener- 
vation of DA produced by 6-OHDA lesions did not significantly 
reduce the inhibitory effects of quinpirole on CPU neurons (com- 
pare Fig. 6, B and C, Fig. 7, B and C). This finding was not due 
to residual DA (12%) stimulating supersensitive D, receptors 
(above) and thereby enabling D, agonist-induced inhibitory ef- 
fects, since acute administration of AMPT in 6-OHDA-pre- 
treated rats failed to eliminate the inhibitory effects of quinpirole 
on CPU neurons (Figs. 60 and 70). In addition, 6-OHDA lesions 
also abolished the apparent synergistic inhibition of CPU neu- 
rons produced by the combined administration of SKF-38393 
(4 nA) and quinpirole in control rats [F( 1,lS) = 4.65, p < 0.051 
(compare Fig. 6, A and C, Fig. 7, A and C). In fact, the combined 
administration of SKF-38393 (4 nA) and quinpirole (4 nA) 
failed to produce even additive inhibitory effects (White and 
Wang, 1986; Hu and Wang, 1988a) in 6-OHDA-pretreated rats 
(Figs. 6C and 7C). Thus, a 4 nA current of SKF-38393, which 
alone produced a 30% inhibition of CPU neuronal activity (Fig. 
2A) in 6-OHDA rats, failed to cause additive inhibition in the 
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Figure 3. A, 6-OHDA lesions significantly decreased the currents re- 
quired for SKF-38393 and quinpirole to reduce firing rates to 50% of 
basal levels (ICSOs) in 6-OHDA-lesioned rats (n = 16 and 21 cells, 
respectively) as compared to either untreated (n = 16 and 17 cells, 
respectively) or vehicle (ascorbic acid) pretreated (n = 13 and 11 cells, 
respectively) rats 0, < 0.0 1). B, 6-OHDA lesions also significantly pro- 
longed the time required for CPU neurons to recover from >50% in- 
hibition induced bv SKF-38393 (n = 16) or auinoirole (n = 16) to at 
least 80% of their basal firing rate‘when compared-to untreated (A = 15 
and 16 cells) and vehicle treated (n = 14 cells) control groups (** p < 
0.0 1). 

presence of quinpirole (Figs. 6C and 7C). The failure to observe 
the synergism in 6-OHDA-lesioned rats was not due to a “floor 
effect” resulting from supersensitive D, receptors (above), since 
additional treatment with AMPT resulted in greater inhibition 
[F( 1,29) = 8.54, p < 0.011 of CPu neurons by quinpirole (com- 
pare Fig. 6, C and D), yet did not result in synergistic inhibition 
with the combination of SKF-38393 and quinpirole (Fig. 60). 

To determine further whether the abolition of enabling\and 
synergistic inhibitions produced by combined iontophoresis of 
SISF-38393 and quinpirole observed in 6-OHDA rats was re- 
lated to the depletion of DA per se or to the loss of DA terminals 
within the CPU, repeated reserpine treatment was used to pro- 
duce DA depletion without a structural loss of DA terminals. 
Similar to the results in 6-OHDA-treated rats, chronic DA de- 
pletion produced by reserpine abolished the necessity of D, 
receptor stimulation for quinpirole-induced inhibition and the 
synergistic relationship between D, and D, agonists (Fig. 4B). 
In addition, the combined administration of SKF-38393 (4 nA) 
and quinpirole (4 nA) also failed to produce an additive inhib- 
itory effect (Fig. 4B). The comparisons of current-response curves 
showed that there was no significant difference between the 
inhibitory responses induced by quinpirole alone and by com- 
bined administration of SKF-38393 (4 nA) and quinpirole in 
reserpinized rats (Fig. 4B). 
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Figure 4. Current-response curves illustrating that CPU neurons re- 
corded in reserpinized rats were significantly @ < 0.0 1) more sensitive 
to inhibition induced by either SKF-38393 (SKF: n = 10 cells) or quin- 
pirole (Quin: n = 10 cells) as compared to controls (n = 15 cells in both 
graphs). Moreover, low currents of SKF-38393 (4 nA) failed to further 
enhance the inhibitory effects of quinpirole in reserpinized rats. Each 
data point represents the mean percentage inhibition + SEM. 

Discussion 

Denervation supersensitivity of central DA receptors following 
destruction of DA neurons is a well-accepted phenomenon. 
Electrophysiological studies identified this phenomenon as an 
increased sensitivity of CPU neurons to the inhibitory effects of 
microiontophoretically applied DA or systemically injected 
apomorphine (Feltz and De Champlain, 1972; Siggins et al., 
1974; Schultz and Ungerstedt, 1978). However, with the iden- 
tification of D, and D, DA receptor subtypes (Kebabian and 
Calne, 1979) and the findings indicating that DA and apomor- 
phine are nonselective (mixed) D,/D, agonists (Arnt and Hyttel, 
1985; Andersen and Nielsen, 1986) and that both D, and D, 
selective agonists inhibit the firing of CPU neurons (Hu and 
Wang, 1988a; Wachtel et al., 1989), additional studies utilizing 
selective D, and D, agonists were needed to determine the extent 
to which each of these receptors might exhibit supersensitivity 
following DA denervation. In the present studies, 6-OHDA 
lesions of the nigrostriatal DA pathway resulted in enhanced 
inhibitory responses of neurons located in the lateral CPU to 
both the selective D, agonist SKF-38393 and the selective D, 
agonist quinpirole, indicating that functional supersensitivity of 
both receptor subtypes was produced by DA denervation. 

It has long been known that 6-OHDA lesions which cause 
extensive DA depletion result in D, receptor proliferation (Creese 
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Figure 5. Repeated reserpine treatment significantly decreased the IC50 
values of SKF-38393 (n = 10) and quinpirole (n = 9) @ < 0.05) on 
CPU neurons (A) and also (B) significantly prolonged the recovery time 
for the inhibition induced by SKF-38393 (n = 10) and quinpirole (n = 
10) as compared to saline-treated controls (cell numbers for the com- 
parison of IC50: n = 9 and n = 8, respectively; cell numbers for the 
comparison of recovery time: II = 10) (* p < 0.05). 

and Snyder, 1979; Neve et al., 1984), and, until recently (Bennett 
and Wooten, 1986; Breese et al., 1987), there was near-uniform 
agreement on this point (see Seeman, 1980, for review). Of 
particular relevance to the present results are previous findings 
indicating the D, receptor proliferation occurs primarily within 
the lateral striatal area (Savasta et al., 1987b), from which our 
recordings were obtained. In contrast to D, receptors, there is 
considerable disagreement as to whether D, receptors are up- 
regulated by such denervation. Experiments that have examined 
the binding of radiolabeled D, antagonists ([3H]SCH 23390, 
[T]SCH 23982), using either rat striatal membrane homoge- 
nates or quantitative autoradiograms, have yielded both posi- 
tive (Buonamici et al., 1986; Breese et al., 1987; Porceddu et 
al., 1987) and negative (Altar and Marien, 1987; Filloux et al., 
1987; Leslie and Bennett, 1987; Savasta et al., 1987a) results 
with respect to increases in D, DA receptors. Recent autora- 
diographic studies have even indicated a decrease in [3H]SCH 
23390 binding sites in 6-OHDA-lesioned rats (Ariano, 1988; 
Marshall et al., 1989). Given these inconsistencies, it is not 
possible to conclude whether our findings, indicating that D, 
receptor-mediated inhibition of CPU neurons is enhanced by 
denervation, are attributable to D, receptor increases or to other 
aspects of D, receptor-induced control of membrane excitabil- 
ity, e.g., alterations in the cascade of intracellular events trig- 
gered by agonist occupation of the receptor. In this regard, it 
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Figure 6. Comparison of responses of CPu neurons to coiontophoretic administration of D, and D, selective agonists in control rats (n = 10 cells) 
(A), rats acutely depleted of DA with AMPT (n = 15 cells) (B), rats chronically depleted of DA with 6-OHDA (n = 23 cells) (c), and rats that 
received both 6-OHDA and AMPT (n = 10 cells) (0). A, In control rats, low (subinhibitory) currents of SKP-38393 potentiated the inhibitory 
effects of quinpirole on the same CPU neurons [F( 1,lS) = 4.65, p < 0.051. B, In rats acutely depleted of DA by AMPT, quinpirole-induced inhibition 
was attenuated without simultaneous stimulation of D, receptors [F(1,28) = 47.73, p < O.OOOl]. C, In rats chronically depleted of DA by 6-OHDA 
lesions, the requirement of D, receptor stimulation for quinpirole-induced inhibition was abolished, as was the potentiating (synergistic) effect of 
SKF-38393 on quinpirole-induced inhibition (n = 15). D, Additional depletion of DA with AMPT in 6-OHDA-lesioned rats not only enhanced 
the inhibitory effect induced by quinpirole [F( 1,29) = 8.54, p < 0.011, but also failed to produce a synergistic inhibition on CPU neurons, indicating 
that: (1) the supersensitive response observed in 6-OHDA-pretreated rats was not maximal and thereby masking possible potentiation by SKP- 
38393; and (2) the ability of D, receptor stimulation to inhibit CPU neurons in 6-OHDA rats was not due to residual DA stimulating supersensitive 
D, receptors (enabling). 
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should be noted that disagreement also exists with respect to 
whether DA-stimulated CAMP production (via D, receptors) is 
enhanced by denervation (e.g., see Von Voigtlander et al., 1973; 
Mishra et al., 1974; Kreuger et al., 1976; Rosenfeld et al., 1979; 
Parenti et al., 1982). Moreover, it is uncertain whether all D, 
receptors, including those responsible for the enabling of D, 
receptor-mediated function (Amt et al., 1988; Johansen and 
White, 1988) are linked to adenylate cyclase (Mailman et al., 
1984; Andersen and Braestrup, 1986) particularly following DA 
denervation (Ariano, 1988). Although the underlying mecha- 
nisms are presently unclear, there are previous reports of func- 
tional DA receptor supersensitivity (increased behavioral re- 
sponses to DA agonists) in the apparent absence of receptor 
changes as defined by traditional measures of ligand binding, 
i.e., density and affinity (e.g., see Hyttel, 1980; Breese et al., 
1987; Hjorth et al., 1988). 

There is now considerable evidence from both behavioral and 
electrophysiological experiments that D, receptor stimulation 
is required for (enables) many functional consequences of D, 

receptor stimulation (see beginning of article for references). 
This enabling interaction (as a qualitative synergistic effect) is 
most readily illustrated by the failure of D, agonists to produce 
their characteristic behavioral and electrophysiological effects 
in animals acutely depleted of DA with AMPT and/or reserpine, 
unless D, agonists are also administered (see Clark and White, 
1987, for review). In striking contrast to the effects of acute DA 
depletion (White, 1987; Wachtel et al., 1989; the present results), 
long-term depletion of DA produced by repeated reserpine or 
by 6-OHDA lesions did not attenuate the inhibitory effects of 
iontophoretic quinpirole on CPU neurons. In fact, the inhibitory 
potency of quinpirole was enhanced as compared to that ob- 
served in the intact CPU. The inhibitory effects of quinpirole in 
the denervated CPU could not be attributed to residual DA 
stimulating supersensitive D, receptors (and thereby enabling 
D, receptor-mediated inhibition) since further DA depletion 
produced by additional acute administration of AMPT failed 
to reduce the effects of quinpirole. In addition, the lack of D, 
receptor-mediated enabling in the 6-OHDA rat cannot be at- 
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Figure 7. Representative cumulative 
rate histograms showing the responses 
of CPU neurons to iontophoretic quin- 
pirole (l-64 nA) and the combined 
administration of SKF-38393 (4 nA) 
and quinpirole in rats with different 
pretreatments. A. SKF-38393 poten- 
tiated the quinpirole-induced inhibi- 
tory effect on a GLU-evoked CPU neu- 
ron in a control rat. B, Quinpirole failed 
to depress the firing of a spontaneously 
active CPU neuron in an AMPT-pre- 
treated rat, unless SKF-38393 was 
coadministered. Note that 4 n4 of SKF- 
38393, either immediately before or af- 
ter the administration of quinpirole, did 
not produce marked influence on neu- 
ronal activity when it was administered 
alone. C, The inhibitory response of a 
CPU neuron to quinpirole was in- 
creased in a 6-OHDA-pretreated rat as 
compared to control (A) and SKF-38393 
failed to potentiate the quinpirole-pro- 
duced inhibition. D, Additional deple- 
tion of DA with AMPT in a 6-OHDA- 
lesioned rat also failed to produce syn- 
ergistic inhibition on a CPU neuron. 
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tributed to the loss of DA terminals and possible cell-cell D,/ 
D, interaction since similar findings were observed with re- 
peated reserpine treatment. 

These electrophysiological results, indicating that D, receptor- 
mediated functional effects are relieved from the requirement 
of D, receptor stimulation, provide a single-cell correlate of 
previous behavioral findings indicating that D, receptor stim- 
ulation is not required for D, agonist-induced behaviors in rats 
with chronic DA depletion. In these studies, it has been dem- 
onstrated that D, antagonists fail to block D, agonist-induced 
rotational behavior in rats with unilateral 6-OHDA lesions of 
the nigrostriatal pathway (Arm and Hyttel, 1984a, b). In ad- 
dition, although D, antagonists readily block the locomotor 
stimulating effects of both mixed D,/D, agonists and selective 
D, agonists in normal rats (Amt, 1985a; Breese and Mueller, 
1985; Molloy and Waddington, 1985; Pugh et al., 1985; Longoni 
et al., 1987; Walters et al., 1987) they fail to do so in rats with 
bilateral 6-OHDA lesions of mesotelencephalic DA projections 
(Amt 1985b; Breese et al., 1985a) or in rats treated repeatedly 
(4-6 daily injections) with reserpine (Amt, 1985a). Taken to- 
gether, these behavioral and electrophysiological findings in- 
dicate that D, and D, receptors located in the CPU become 
functionally uncoupled following long-term depletion of DA. 
Whether D, and/or D, receptor supersensitivity is required for 
the uncoupling of these receptor subtypes is currently under 

investigation in our laboratory. It is interesting to note in this 
regard that selective up-regulation of D, receptors produced by 
repeated administration of the D, antagonist SCH 23390 po- 
tentiates the behavioral effects of D, agonists (Hess et al., 1986) 
suggesting that selective D, receptor supersensitivity may cause 
enhanced enabling rather than functional dissociation of D, and 
D2 receptors. 

One of the most important implications of the enabling re- 
lationship between D, and D, DA receptors is its potential rel- 
evance for the treatment of Parkinson’s disease (see Clark and 
White, 1987; Waddington and O’Boyle, 1987, for reviews). With 
the exception of I-dopa, currently available anti-Parkinsonian 
drugs are selective D, agonists. With the discovery that D, re- 
ceptor stimulation is required for certain behavioral effects of 
D, agonists, it was suggested that mixed D,/D, agonists or com- 
binations of D, and D, agonists would be more effective in 
alleviating Parkinsonian symptoms. The finding that D, recep- 
tor stimulation is no longer necessary for D,-mediated responses 
in the DA denervated striatum appears to argue against the need 
for simultaneous stimulation of D, and D, receptors in Parkin- 
son’s disease patients. However, it is important to note that 
synergistic behavioral effects of selective D, and D, agonists 
have been reported in the unilateral 6-OHDA rotational model 
(Robertson and Robertson, 1986, 1987; Koller and Herbster, 
1988; Rouillard and Bedard, 1988; Sonsalla et al., 1988) and in 
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neonatal 6-OHDA-treated rates (Breese et al., 1985b). In view 
of these findings, it is somewhat surprising that, in the present 
study, DA denervation not only relieved the requirement of D, 
receptor stimulation for D, agonist-induced inhibition (en- 
abling), but also abolished the D,-mediated potentiation of D, 
agonist-induced inhibition (a quantitative synergistic effect). This 
failure to observe either quantitative or qualitative synergism 
on CPU neurons was not due to a maximal “floor effect” pro- 
duced by quinpirole at supersensitive D, receptors since addi- 
tional DA depletion produced by AMPT resulted in greater 
inhibition of CPU neurons by quinpirole. These findings suggest 
that the behavioral synergism reported in previous studies of 
DA denervated rats is not due to synergistic actions at adjacent 
D, and D, DA receptors located in the CPU. 

Perhaps the most surprising finding of this study is that the 
combined iontophoretic administration of SKF-38393 (4 nA) 
and quinpirole to CPU neurons in 6-OHDA- or reserpine-treated 
rats failed to produce even an additive inhibition. Although the 
low current (4 nA) of SKF-38393 used in synergism tests typ- 
ically produced about 30-35% inhibition on its own in chron- 
ically DA-depleted rats, this degree of inhibition was not ad- 
ditive with that produced by quinpirole when the 2 agonists 
were coadministered. Thus, unlike untreated rats, in which 
coadministration of SKF-38393 and quinpirole produced su- 
praadditive inhibition on CPU neurons, these agonists produced 
nonadditive inhibition in rats chronically depleted of DA. Al- 
though the mechanism underlying this nonadditivity is un- 
known, it suggests the possibility that D, and D, agonists might 
be acting at a common receptor population. However, antag- 
onism studies conducted in behaving rats have indicated that 
D, and D, receptors are completely independent in rats chron- 
ically depleted of DA (above). Alternatively, it is possible that 
D, and D, receptors converge on a final common transduction 
mechanism to inhibit CPU neurons in denervated rats, as sug- 
gested by previous studies (Calabresi et al., 1988). This possi- 
bility, when combined with the present finding that the typical 
facilitatory effects of D, and D, agonists observed on CPU neu- 
rons in normal rats are completely absent in the denervated 
CPU, suggests that long-term depletion of DA produces pro- 
found alterations in the mechanisms by which D, and D, re- 
ceptors control membrane excitability. 

Recently, Robertson and Robertson (1986, 1987) proposed 
that the synergistic rotational responses produced by submax- 
imal doses of D, and D, selective agonists may be due to the 
combined actions at D, receptors within the CPU and D, re- 
ceptors located on the terminals of striatonigral neurons within 
the substantia nigra pars reticulata. Such “system-level” or “dis- 
tant” D,-D, receptor interactions could explain the observation 
of behavioral synergism in the absence of “adjacent” D,-D, 
interactions at the single cell level. Interestingly, Weick and 
Walters (1987) have reported a synergistic inhibition of sub- 
stantia nigra pars reticulata neurons produced by combined in- 
travenous administration of D, and D, selective agonists only 
in rats with 6-OHDA lesions. These findings, combined with 
the previous behavioral (Amt and Hyttel, 1984a, b) and elec- 
trophysiological studies (White, 1987; Wachtel et al., 1989; the 
present results) provide new evidence for mechanisms through 
which the behavior of Parkinson’s disease patients might be 
influenced. Although it appears that DA receptor supersensitiv- 
ity relieves D, receptors from the requirement of D, receptor 
stimulation, i.e., the loss of adjacent D,-D, receptor interactions 
on these neurons, additional distant (perhaps compensatory) 

functional interactions between D, and D, receptors are evident 
at a systems level. Therefore, the present findings do not rule 
out the possible utility of combined D,/D, stimulation in the 
treatment of Parkinson’s disease. 
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