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Abstract
Behavioral responses to D1 and D2-dopamine agonists are enhanced when these agonists are
administered systemically to 6-hydroxydopamine (6-OHDA)-lesioned rats. In the present
investigation, microinjection of SKF-38393, a D1-dopamine agonist, into the nucleus accumbens
of adult rats lesioned as neonates with 6-OHDA produced a dose-related increase in locomotor
activity that was enhanced markedly compared to control. LY-171555, a D2-agonist, elicited less
locomotor activity than did SKF-38393 after microinjection into this site. Administration of
SKF-38393 or LY-171555 into the nucleus accumbens did not increase locomotion in unlesioned
rats at the doses administered to lesioned animals. In adult-6-OHDA-lesioned rats, microinjection
of SKF-38393 into the nucleus accumbens also increased locomotion more than did LY-171555.
As described previously, systemic administration of SKF-38393 produced little locomotion in
adult-6-OHDA-lesioned rats, whereas LY-171555 produced a markedly enhanced response.
Administration of SKF-38393 or LY-171555 into the caudate nucleus of neonatally and adult-6-
OHDA-lesioned rats produced negligible locomotor activity, but did induce stereotypic behaviors
similar to those observed after systemic treatment with these drugs. Stereotypic behaviors
occurred to a greater degree in the 6-OHDA-lesioned rats than in unlesioned controls. A regional
specificity for certain behaviors induced by dopamine agonist administration was observed. In
spite of the enhanced behavioral responses of D1 and D2-dopamine agonists after microinjection
into the brain of 6-OHDA-lesioned rats, binding of [3H]spiperone (D2-receptor antagonist ligand)
and [3H]SCH 23390 (D1-receptor antagonist ligand) to tissue from striatum and nucleus
accumbens was not altered significantly. In contrast to this lack of change in binding
characteristics in 6-OHDA-lesioned rats, blockade of dopaminergic transmission with haloperidol
treatment caused an elevation of [3H]spiperone binding sites in striatum without affecting affinity
for the site. However, chronic haloperidol treatment did not alter significantly [3H]SCH 23390
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binding to striatal membranes. These latter findings suggest that chronic dopamine receptor
blockade need not produce the same adaptive mechanisms as destruction of dopamine-containing
neurons. Thus, a change in receptor characteristics as measured by dopamine antagonist binding
does not account for the behavioral supersensitivity observed after D1- and D2-dopamine agonist
administration to neonatally or adult-6-OHDA-treated rats.

The loss of catecholamine-containing neurons has a dramatic effect on the responsiveness of
animals to dopamine agonists (Ungerstedt, 1971; Uretsky and Schoenfeld, 1981; Schoenfeld
and Uretsky, 1972; Hollister et al., 1974, 1979; Breese et al., 1979; Kilts et al., 1979; Setler
et al., 1978). This is true of agonists acting on either D1- or D2-dopamine receptor sites
proposed by Kebabian and Calne (1979), although the age at which the lesion occurs has a
dramatic effect on the degree of change (Breese et al., 1985b). For example, Breese et al.
(1985b) found that locomotor activity is increased markedly after systemic administration of
SKF-38393 (a D1-receptor agonist) to adult rats lesioned as neonates with 6-OHDA; less
locomotor activity occurred after similar treatment with the D2-dopamine agonist,
LY-171555 (Tsuruta et al., 1981). Conversely, rats lesioned as adults with 6-OHDA exhibit
more locomotor activity to LY-171555 than to systemic administration of SKF-38393
(Breese et al., 1985b). The behavioral responses after SKF-38393 administration were
antagonized by SCH 23390, a D1-dopamine receptor antagonist, but not by haloperidol, a
D2-dopamine receptor antagonist (Breese et al., 1985a,b). These data support the conclusion
that D1-dopamine receptors are distinct from D2-receptors (Arnt and Hyttel, 1984;
Christensen et al., 1984; Arnt, 1985; Breese and Mueller, 1985; Breese et al., 1985b).
Furthermore, these findings indicate that D1- and D2- dopamine receptor agonist
administration to 6-OHDA-lesioned rats induce greater behavioral responses than seen in
unlesioned controls (Breese et al., 1984a, 1985a,b; Molloy and Waddington, 1984).

Microinjection of dopamine agonists into dopamine terminal regions can produce behavioral
effects. For example, administration of dopamine and D2-dopamine agonists into the nucleus
accumbens is associated primarily with locomotor activity, whereas microinjection into the
striatum generally causes stereotyped behaviors (Costall et al., 1975; Jackson et al., 1975;
Pijnenburg et al., 1976). Such microinjection experiments have not been undertaken with
SKF-38393, a D1-dopamine agonist.

A unilateral lesion of dopamine-containing neurons in adult rats increases [3H]spiperone
binding in the striatum, ipsilateral to the side of the lesion (Creese et al., 1977; Goldstein, et
al., 1980; Heikkela et al., 1981; Neve et al., 1984; Staunton et al., 1981). This increase in
[3H]spiperone binding is presumed to reflect an increase in D2-dopamine receptors, which is
suggested to be responsible for the enhanced turning observed after dopamine agonist
administration to animals with unilateral lesions of dopaminergic neurons (Creese et al.,
1977). Preliminary investigations of [3H]spiperone binding to striatal tissue from rats treated
intracisternally with 6-OHDA failed to demonstrate a similar increase in the number of
receptors in striatum (Mailman et al., 1981, 1983). To date, no literature is available
concerning the effect of dopaminergic lesions on binding of [3H]SCH-23390, a marker for
D1-dopamine receptor sites (Billard et al., 1984).

The goals of the present investigation were 2-fold. The first series of experiments conducted
was to examine the behavioral effects of central administration of D1- and D2-dopamine
agonists into nucleus accumbens and striatum to document that behavioral responses
induced were enhanced after 6-OHDA treatment. A second set of experiments was
developed to measure binding of [3H]spiperone and [3H]SCH 23390 to nucleus accumbens
and striatal tissue to determine whether altered receptor number or affinity could be
associated with the enhanced behavioral responses observed after D1- and D2-dopamine
agonist administration to 6-OHDA-treated rats. Binding results for these D1- and D2-
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dopamine receptor antagonist ligands in neonatally and adult-6-OHDA lesioned rats were
compared to binding alterations after chronic haloperidol treatment.

Methods
General

Pregnant Sprague-Dawley female and adult rats (> 225 g) were purchased from Charles
River Laboratories (Wilmington, MA). Pregnant females were housed in clear plastic cages
with wood chip bedding. Other rats were housed four per cage. The rats were maintained
under a 7:00 A.M. to 7:00 P.M. light-dark cycle, temperature was maintained between 23–25°C
and the rats had continuous access to water and food (Wayne Lab Blox laboratory chow).
Adult rats received saline or 6-OHDA hydrobromide (200 µg free base in 25 µl)
intracisternally 30 min after pargyline (50 mg/kg) and an additional dose of 6-OHDA (200
µg) 1 week later (Breese and Traylor, 1970). At 5 days of age, neonatal rats received saline
or 6-OHDA (10 µl; 100 µg free base) intracisternally (Breese and Traylor, 1972; Smith et
al., 1973). Litters were limited to 10 rats each. Adult rats sometimes required additional care
to treat aphagia and adipsia (i.e., tube feeding and fruit supplement; Breese et al., 1973).
Neonates treated with 6-OHDA required no special support until after weaning, at which
time lesioned rats were given fruit and sunflower seeds to supplement their diet. A separate
set of adult rats (equal males and females) were given haloperidol (1 mg/kg s.c. in a 0.5%
tartaric acid solution) for 16 days to allow comparison of the 6-OHDA treatments with a
protocol known to increase [3H]spiperone binding (Seeman, 1980).

When adult-treated rats recovered from the acute aphagia and adipsia (Breese et al., 1973),
they were challenged with apomorphine hydrochloride (1 mg/kg i.p., salt) and the locomotor
response measured. Once neonatal rats reached 30 days of age, they were challenged with
15 mg/kg of L-dopa (i.p.) 1 hr after the decarboxylase inhibitor, RO-4-4602 (50 mg/kg i.p.)
and locomotor activity was determined. The locomotor activity had to be greater than 10,000
counts per 2 hr (i.e., a criterion for functional supersensitivity) for the rat to be retained for
further testing. Those neonatally lesioned rats found to have an exaggerated locomotor
response to L-dopa were subsequently given three 3-mg/kg (i.p.) doses of SKF-38393 at
weekly intervals. The third locomotor response to SKF-38393 had to be in excess of 10,000
activity counts per 2 hr for the rat to be used in other investigations. Some of the neonatally
lesioned rats that reached criterion were given 100 mg/kg of L-dopa after RO-4-4602 and the
incidence of SMB noted (Breese et al., 1984a). Only those neonatally lesioned rats
demonstrating SMB were used in experiments in which behavior was assessed after
microinjection of drugs into brain. These criteria assured that the lesioned animals were
behaviorally supersensitive to dopamine agonists before surgery. It has been established that
the different drug regimens to test for behavioral supersensitivity in adult- and neonatal-6-
OHDA-treated rats are not responsible for the different behaviors reported when these two
groups are given the same treatments (Breese et al., 1984a; 1985a,b). Control unlesioned
rats received treatments like those described for neonatally or adult-6-OHDA-treated rats.
Behaviors observed in the present study were qualitatively the same as those described
earlier by Breese et al. (1984a).

Administration of drugs into brain
In order to permit microinjection of drugs and saline into striatum and nucleus accumbens,
cannulas were placed bilaterally into the brains of anesthetized rats (45 mg/kg, pentobarbital
sodium) and secured to the skull with stainless-steel screws surrounded by acrylic cement.
Stereotaxic coordinates with incisor bar set at 3.3 mm (flat skull) for rats weighing 270 to
350 g were: AP, +0.92; ML, +0.3; DV, −0.5 for striatum and AP, 1.12; ML, +0.13; DV,
−0.53 for the nucleus accumbens with bregma serving as zero. Animals were allowed to
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recover for at least 10 days before microinjection of drug solutions or saline. A 10-µl
syringe (Precision Instrument Co., Baton Rouge, LA) driven by a Sage infusion pump
(White Plains, NY) delivered the solution to the bilateral cannulas through polyethylene
tubing. Drugs were infused into brain in a volume of 0.5 µl over a 5-min period through 33-
gauge injection cannulas which extended 1 mm below each of the guide tubes (Breese et al.,
1984b). The animals were restrained gently by hand during the injection procedure. The
bilateral injection cannulas remained in place for 1 min after the infusion. Animals were
infused up to 5 times at weekly intervals. Identification of the cannula tip placements was
obtained by cutting frozen sections through the site.

Evaluation of locomotor activity
Locomotor activity was measured after various doses of dopamine agonists were
microinjected into the nucleus accumbens or caudate as well as after systemic
administration. This activity was quantified as described previously (Hollister et al., 1974,
1979) using circular activity monitors with sensors about the perimeter. Each interruption of
light beam resulted in an activity count. Rats were habituated to the chamber for 45 or 60
min before receiving the dopamine agonists. Counts were accumulated every 10 min for 2 to
3 hr depending upon the dopamine agonist being investigated. Unlesioned-control rats for
the neonatal- and adult-6-OHDA groups rats did not demonstrate a difference in response to
saline or to dopamine agonists and these data were combined. Data were presented for each
10-min collection period or as the total accumulated counts for the period of time that data
were collected.

Evaluation of behavior
Behaviors induced by the dopamine agonists were assessed by a trained observer using the
procedure described previously (Breese et al., 1984a). A second observer verified
periodically behaviors scored by the primary observer. Behavior of individual rats was
observed for a 1-min period every 10 min for 2 hr. Each 1-min period of observation was
divided into four 15-sec intervals and occurrence of a behavior during each interval was
recorded. The proportional incidence of a behavior was determined for each 1-min
observation period by dividing the occurrence of a behavior during each of the observation
intervals by 4 (i.e., total occurrence per 4) and scores for each behavior were summed for the
12 1-min observation periods (Breese et al., 1985a). The behaviors monitored included
sniffing, rearing, grooming, head nodding, locomotion, “taffy pulling,” paw treading, self-
biting, licking, jumping, digging in and eating wood chips and skin laceration. Taffy pulling
is the repeated movement of the forepaws toward and away from the nose (Breese et al.,
1984a, 1985b). This evaluation allowed us to compare the incidence of a behavior induced
by dopamine agonists in 6-OHDA-lesioned rats with incidence in control rats (see
“Statistical evaluations”).

Radioligand binding to brain tissue
The 6-OHDA-treated and unlesioned-control rats used for binding investigations were from
the same treatment groups that received drugs into nucleus accumbens and caudate, but
these rats chosen for the binding studies were not implanted with cannulas. Only those rats
exhibiting supersensitive behavioral responses after systemic injection of dopamine agonists
were included for investigation. For binding determinations, rats lesioned with 6-OHDA
were drug-free for at least 3 weeks before decapitation. Haloperidol-treated rats were
sacrificed 48 hr after treatment was discontinued. The whole brain was removed and placed
on an ice-cold glass plate. The striatum and nucleus accumbens were dissected from brain,
weighed, frozen on dry ice and stored at −70°C until radioligand binding to membranes was
performed. The olfactory tubercles and posterior striatum were dissected to permit
monoamine determinations on each rat. Drug binding to brain membranes was performed
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with [3H]SCH 23390 utilizing the method described by Billard et al. (1984) and for
[3H]spiperone using the method of Hamblin et al. (1984). Tissue was homogenized in 50
mM Tris at pH 7.5 with a Beckman polytron. After centrifugation (32,000 × g for 30 min),
the resulting pellet was homogenized in the same volume of 50 mM Tris-HCl and again
centrifuged at 32,000 × g for 30 min. The final pellet was suspended in Tris buffer (0.12 N
NaCl or as indicated in the text) to yield a tissue concentration of 0.4 mg of original tissue
per ml of buffer for [3H] spiperone or 3 mg/ml for [3H]SCH 23390. Tissue in each tube
corresponded to 2 mg (5-ml suspension) of the net weight of fresh brain for [3H]spiperone
and 3 mg (1-ml suspension) of brain tissue for [3H]SCH 23390. Because of the low tissue
weights for the nucleus accumbens, [3H]spiperone binding was performed on tissue from
adubt-6-OHDA-lesioned rats and corresponding controls and [3H]SCH-23390 was
performed on nucleus accumbens tissue from neonatal-6-OHDA-lesioned rats and their
controls. Labeled agents and unlabeled competitors (e.g., haboperidol or SCH 23390) were
added to the suspension. Appropriate preliminary studies were performed to establish that
binding was at equilibrium within 10 min at 37°C. For single concentration assays, the final
concentration of labeled compounds was 1.0 nM (nucleus accumbens) or 0.2 nM (striatum)
for [3H]spiperone (24.5 Ci/mmol) and 0.3 nM (all tissues) for [3H]SCH 23390 (72 Ci/
mmol). Concentrations of labeled compounds were varied for saturation analysis. This
required pooling three striate from each group to generate a single saturation curve. All
determinations were in triplicate as were the tubes for nonspecific binding (1 µM
SCH-23390 for [3H]SCH 23390 and 1 µM haloperidol for [3H]spiperone). Ketanserin (20
nM) was added to tubes to eliminate an interaction of [3H]spiperone with serotonergic
receptors in striatum (Hamblin et al., 1984). This was not necessary for the [3H]SCH 23390
samples because ketanserin does not alter binding of this ligand (Billard et al., 1984; Hess et
al., 1986; see “Results”). At the end of the incubation, 5 ml of ice-cold buffer was added to
the mixture for each sample; the contents were filtered on glass-fiber discs (Gelman, Ann
Arbor, MI) and washed with 10 ml of Tris-HC1, pH 7.5, at 0°C. Filters were dried and
counted in 10 ml of scintillation fluid (Scintiverse II, Fisher Scientific Co., Springfield, NJ).
A Scatchard transform of the saturation analysis was used to calculate Kd and Bmax from the
individual observations of three to five separate experiments.

Monoamine determinations
Concentrations of dopamine and its major metabolites were determined in brain areas
associated with dopamine terminal fields (striatum and olfactory tubercles) to assess the
effectiveness of the 6-OHDA treatments. Compounds were separated with high-performance
liquid chromatography and detected with an electrochemical detector as described by Kilts
et al. (1981).

Statistical evaluations
Locomotor responses, amine data and binding of ligands were tested for significance among
groups with an analysis of variance and then compared with a Newman-Keuls or Dunnett
test for post hoc comparison of means. Behavioral scores were compared using an analysis
of variance. For each analysis that yielded a significant F ratio, the Newman-Keuls test was
applied to allow mean comparisons of behavioral responses by various groups (Breese et al.,
1985a). In cases in which only two groups were compared, a Student’s t test was used.
Significance was considered to be P < .05 for all comparisons.
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Results
Behavioral effects of SKF-38393 and LY-171555 administration into nucleus accumbens of
neonatally 6-OHDA-lesioned rats

Using adult rats lesioned as neonates with 6-OHDA with proven behavioral supersensitivity
to dopamine agonists after systemic (i.p.) adminsitration (see “Methods”), experiments were
initiated to assess the action of SKF-38393 and LY-171555 microinjected into nucleus
accumbens. Administration of SKF-38393 into the nucleus accumbens of neonatal-6-
OHDA-treated rats produced a dose-related increase in locomotor activity (fig. 1). The
magnitude of the activity after microinjection of SKF-38393 into the nucleus accumbens of
the lesioned rats was considerably greater than that observed in unlesioned rats (see fig. 1;
table 1). LY-171555 also increased locomotion, but less so than did SKF-38393 at same
dose. Duration of the responses after intracerebral microinjection of SKF-38393 (0.3 µg)
and of LY-171555 (0.3 µg) in neonatally 6-OHDA-treated rats is illustrated in figure 2.
These data demonstrate that SKF-38393 induced a sustained level of activity for over 4 hr,
whereas the duration of the response to LY-171555 was approximately 2 hr. The nucleus
accumbens seemed critical for the locomotor responses induced SKF-38393, because fewer
activity counts were observed when 0.3 µg of SKF-38393 was microinjected into the
caudate (table 1).

The frequency of behaviors induced by SKF-38393 microinjection (0.3 µg/side) into the
nucleus accumbens was also measured in an open-field condition (table 2). SKF-38393
administered into the nucleus accumbens increased the incidence of locomotion, sniffing,
licking and grooming without affecting the incidence of rearing, when compared to
SKF-38393-induced responses in unlesioned controls (table 2). At this dose, behaviors other
than these were not observed. In contrast to the lack an effect by SKF-38393 in control,
unlesioned rats after i.p. administration (Breese et al., 1985a), this D1-dopamine agonist
produced a small, but significant, increase in the incidence of sniffing, rearing, grooming
and locomotion when administered into the nucleus accumbens of these animals.

Representative placements of the injector tips aimed at the nucleus accumbens from rats
used in these experiments are presented in figure 3. Depletion of dopamine in olfactory
tubercle and striatum of neonatally lesioned rats is presented in table 3. The elevation of
serotonin and 5-hydroxyindole-acetic acid observed previously after this treatment was also
noted in these animals (table 3; see Breese et al., 1984a).

SKF-38393- and LY-171555-induced locomotion after microinjection into nucleus
accumbens of adult-6-ORDA-lesioned rats

Locomotor activity was also measured in adult-6-OHDA-lesioned rats after bilateral
microinjection of SKF-38393 and LY-171555 into the nucleus accumbens (table 4). A
moderate increase in locomotion was observed after LY-171555 (0.3 and 1.0 µg/side)
injection into nucleus accumbens of adult-6-OHDA-lesioned rats, but a greater locomotor
increase was observed when 1.0 µg of SKF-38393 was microinjected bilaterally into this
brain site.

Because adult-6-OHDA-treated rats reportedly show a greater locomotor response to a D2-
dopamine agonist than to a D1-dopamine receptor agonist after systemic i.p. administration
(Breese et al., 1985b), the adult-lesioned animals used for the site injections were given the
D1- and D2-dopamine agonists peripherally and locomotor activity was again measured
(table 4). The adult-6-OHDA-treated rats demonstrated the same characteristics as those
used in earlier studies (i.e., a greater response to the D2-dopamine agonist compared to the
response to the D1 agonist; see Breese et al., 1985b).
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Representative placements of the injector tips within the nucleus accumbens from rats used
in these investigations are illustrated in figure 3. The concentrations of dopamine and its
metabolites in olfactory tubercle and striatum for control rats as well as for the adult-6-
OHDA-lesioned group are presented in table 3. As expected, there were marked reductions
in dopamine and its major metabolites in the adult-6-OHDA-treated rats without a change in
serotonin content (Breese et al., 1984a).

Behavioral effects of SKF-38393 and LY-171555 microinjected into the caudate of 6-OHDA-
lesioned rats

Administration of 3 µg/side of SKF-38393 into the caudate nucleus of rats lesioned as
neonates with 6-OHDA increased the incidence of rearing, sniffing and to a lesser degree
locomotion, licking and head weaving when compared to unlesioned controls that received
this dose of SKF-38393 (table 5). Administration of this dose of SKF-38393 to adult-6-
OHDA-treated rats produced greater sniffing than in unlesioned controls (table 5). There
was no evidence of self-biting in either of the 6-OHDA treatment groups, even after the
bilateral microinjection of 3 µg of SKF-38393 into the caudate (P > .1; data not presented).
In unlesioned controls, microinjection of SKF-38393 produced a small increase in the
incidence of rearing and grooming when compared to saline.

Microinjection of 3 µg/side of LY-171555 into the caudate of neonatally 6-OHDA-treated
rats resulted in an increase in sniffing, rearing, locomotion and taffy pulling (table 5). In
adult-6-OHDA-treated rats, the incidence of rearing and locomotion was increased
compared to the incidence of these behaviors in control-unlesioned rats (table 5). Head
weaving was observed in some rats. Placements for injector tips within the caudate from
selected animals used in these studies are presented in figure 3.

Effect of 6-OHDA lesions on binding of [3H]spiperone and [3H]SCH 23390 to nucleus
accumbens membranes

Because of the behavioral supersensitivity to dopamine agonist microinjection into the
nucleus accumbens of 6-OHDA-lesioned rats (fig. 1), the binding of [3H]spiperone and
[3H]SCH 23390 to tissue from this brain region was determined (table 6). Binding for
[3H]spiperone was performed on tissue from adult-6-OHDA-lesioned rats that demonstrated
a supersensitive locomotor response to LY-171555 or apomorphine treatment. Binding for
[3H]SCH-23390, the D1-dopamine receptor antagonist (Iorio et al., 1983), was performed on
tissue from neonatal-6-OHDA-lesioned rats that demonstrated an increased locomotor
response to SKF-38393 administration and SMB after treatment with L-dopa. [3H]Spiperone
(the D2-dopamine receptor antagonist, Seeman, 1980) binding to the nucleus accumbens
membranes was not altered significantly by the adult-6-OHDA-induced lesion when
compared to unlesioned controls (table 6). Similarly, binding of [3H]SCH 23390 to nucleus
accumbens membranes was not altered by the neonatal-6-OHDA-induced lesion.

Effect of 6-OHDA lesions on binding of [3H]spiperone and [3H]SCH-23390 to striatal
membranes

Because Hamblin et al. (1984) and MacKenzie and Zigmond (1984) provided evidence that
[3H]spiperone can interact with serotonin-2 receptors, studies were performed to see what
degree this interaction was occurring in striatal samples prepared in our laboratory, as
serotonin-2 receptors in striatum are localized regionally (Altar et al., 1985). As shown in
table 7, ketanserin, a serotonin-2 antagonist, displaced approximately 12% of [3H]spiperone
bound specifically to striatal membranes from control or neonatally 6-OHDA-lesioned rats.
However, no difference in [3H]spiperone binding was noted between control and neonatally
lesioned rats in the presence or absence of ketanserin (table 7). Studies performed with
[3H]SCH 23390 in the presence of ketanserin did not reveal a significant change (P > .1) in
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the binding of this ligand to striatal tissue (data not shown); these data are in agreement with
that presented by Hess et al. (1986). Therefore, because of the results obtained with
ketanserin, the scatchard analysis performed for [3H] spiperone binding in tissue from
neonatal- and adult-lesioned rats was performed in the presence of ketanserin, whereas that
for [3H]SCH 23390 was not.

As shown in figure 4, the binding characteristics of [3H]spiperone were not altered by
neonatal-6-OHDA treatment. Neither the Kd nor Bmax for spiperone binding in striatum was
different from that obtained from unlesioned-control rats (fig. 4). Furthermore, binding of
[3H]spiperone to striatal membranes from adult-6-OHDA-lesioned rats was not altered
(table 8). In contrast to results with 6-OHDA lesioned rats, binding of [3H]spiperone to
striatal membranes was elevated significantly in rats treated chronically with haloperidol (1
mg/kg/day for 16 days; see table 8). Thus, the 6-OHDA-lesioned rats do not demonstrate the
change in [3H]spiperone binding seen after chronic haloperidol treatment.

Binding characteristics for [3H]SCH 23390 to striatal tissue from neonatally lesioned rats
did not differ from control (fig. 5). Binding of [3H]SCH 23390 to striatal membranes from
adult-6-OHDA-treated rats was also found not to differ from control (control, 32.8 ± 2.8
pmol/g of tissue; adult-6-OHDA, 35.2 ± 2.0 pmol/g of tissue; P > .1; N = 10 and 6,
respectively, for the groups). In contrast to the elevated [3H]spiperone binding observed in
rats treated chronically with haloperidol (table 8), [3H]SCH-23390 was not altered after this
treatment (30.6 ± 1.3 pmol/g in controls and 33 ± 2.7 pmol/g in rats treated chronically with
haloperidol; P > .1).

Discussion
Systemic administration of D1- and D2-dopamine agonists induces behavioral responses in
6-OHDA-lesioned rats that are of a greater magnitude than that induced in unlesioned
controls (Breese et al., 1985a,b; Arnt, 1985). The enhanced response to dopamine agonists
in 6-OHDA-lesioned rats could be reflecting an increased number of dopamine receptors, a
change in the sensitivity of secondary and tertiary messenger systems linked to the
dopamine recognition sites or an alteration in nondopaminergic neural mechanisms which
influence the response to dopamine receptor stimulation. A major focus for the present work
was to determine if a change in D1- and D2-dopamine receptor binding explained the
enhanced behavioral responses induced by D1- and D2-dopamine agonist administration to
6-OHDA-lesioned rats. In order to establish that the brain areas used for the binding studies
were behaviorally sensitive to D1- and D2-dopamine agonists, SKF-38393 (D1) and
LY-171555 (D2) were administered into the nucleus accumbens and the caudate, the
dopamine-rich terminal regions used for the binding investigations, and behavioral
responses were assessed in unlesioned controls and the 6-OHDA-lesioned rats.

Intracerebral administration of dopamine into nucleus accumbens increases locomotor
activity (Costall et al., 1975; Pijnenburg et al., 1976). Receptor binding studies have
demonstrated the presence of both D1- and D2-dopamine receptors in nucleus accumbens
tissue (table 5; Seeman, 1980; Schulz et al., 1985). In the present study, the locomotor
response induced by D1- and D2-dopamine agonist administration into nucleus accumbens
increased locomotor activity more in the 6-OHDA-lesioned rats than in unlesioned controls.
The locomotor response to LY-171555 was considerably less than that observed after
SKF-38393 microinjection into the nucleus accumbens of both neonatally and adult-6-
OHDA-lesioned rats. The observation in neonatally lesioned rats is consistent with other
data obtained after i.p. administration of these drugs. In contrast, the locomotor responses
observed with adult-6-OHDA-lesioned rats after injection of LY-171555 or SKF-38393 into
the nucleus accumbens did not parallel locomotor responses observed after parenteral
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administration (Breese et al., 1985a,b). The neural basis of these apparently paradoxical
findings could have relevance to why locomotor responses to the D1- and D2-dopamine
agonists differ between adult- and neonatal-6-OHDA-lesioned rats after systemic (i.p.)
administration. Perhaps these findings in the 6-OHDA-lesioned rats relate to evidence that
striatal efferents are associated with different dopamine receptors (Herrera-Marschitz and
Ungerstedt, 1984) or that D1-dopamine receptors interact with D2-dopamine receptor
function (Breese and Mueller, 1985; Breese et al., 1985a,b). Regardless of the interpretation,
the present data document the presence of D1- and D2-dopamine receptors in the nucleus
accumbens of both 6-OHDA-lesioned groups which, when activated with selective
dopamine agonists, result in enhanced behavioral responses.

Administration of dopamine agonists into the striatum has been associated with behaviors
such as sniffing, biting, licking and repetitive movements (Creese and Iversen, 1975; Kelly
et al., 1975). This brain area is believed to be the primary site at which these drugs act to
produce stereotyped behaviors (Costall et al., 1975; Ernst and Smelik, 1966). In the present
investigation, administration of SKF-38393 into the caudate produced a variety of behaviors
in 6-OHDA-lesioned rats, with sniffing being the most prominent. After microinjection of
LY-171555 into the caudate, sniffing, rearing and locomotion were observed in both 6-
OHDA-treatment groups, whereas taffy pulling was observed only in neonatally lesioned
rats. Inasmuch as some behaviors were not observed after microinjection of dopamine
agonists into the caudate, it is possible that there is regional specificity within the caudate
for certain behaviors such as self-biting or, alternatively, that this brain region is not
involved in all behaviors elicited after systemic administration of dopamine agonists to
lesioned rats. Another possibility is that higher doses must be microinjected into the caudate
before such behaviors are observed. Because certain behaviors were observed when
SKF-38393 was microinjected into either the caudate or the nucleus accumbens, it appears
that some behaviors induced by dopamine agonists may have multiple sites of origin. Thus,
these microinjection studies with dopamine agonists suggest that stimulation of dopamine
receptors in the caudate nucleus contributes to some of the dopamine-agonist-induced
behaviors observed after parenteral (i.p.) administration (Breese et al., 1985a,b).
Furthermore, both D1- and D2-dopamine agonists are able to induce a greater incidence of
behaviors after microinjection into the caudate nucleus of 6-OHDA-lesioned rats than in
unlesioned controls.

Because dopamine receptors in both the nucleus accumbens and caudate of 6-OHDA-
lesioned rats were found to elicit enhanced behavioral responses after microinjection of D1-
and D2-dopamine agonists, investigations were undertaken to determine if an increase in
receptor number could account for the behavioral supersensitivity observed in the lesioned
rats. [3H]Spiperone binding to membranes from striatum or nucleus accumbens was not
altered by the 6-OHDA lesions induced by intracisternal administration, a finding in
agreement with earlier reports (Mailman et al., 1981, 1983). These results contrast with the
increase in 3H-neuroleptic binding observed in vitro in tissue from rats with unilateral 6-
OHDA lesions (Creese et al., 1977; Staunton et al., 1981). Inasmuch as the lesions in our
animals were not limited to a unilateral nigrostriatal pathway, but destroyed dopaminergic
neurons throughout the brain, the type of lesion is a likely explanation for the observed
differences in binding characteristics for [3H]spiperone among these studies. However,
Bennett and Wooten (1986) have reported that in vivo binding of [3H]spiperone is not
altered after a unilateral lesion to dopamine-containing neurons.

The ability of ketanserin to displace [3H]spiperone confirms earlier work indicating that the
serotonin-2 site can contribute to the binding of [3H]spiperone to brain tissue (Hamblin et
al., 1984; MacKenzie and Zigmond, 1984). However, with or without the addition of
ketanserin to prevent binding to this serotonin site, 6-OHDA treatment did not produce a
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significant increase in binding of [3H]spiperone (table 7). In contrast to the 6-OHDA
treatments, chronic haloperidol treatment caused an elevation of [3H]spiperone binding in
the caudate, as reported previously (see Seeman, 1980). It appears, therefore, that the
enhanced behavioral responses observed in lesioned rats after administering a selective D2-
dopamine agonist is not always accompanied by an increased binding of [3H]spiperone. This
conclusion is supported by the work of Koller et al. (1984), who found that pergolide, a
dopamine agonist, prevented the increase in [3H]spiperone binding, which accompanies
chronic administration of haloperidol, but did not reduce the behavioral supersensitivity
observed to a dopamine agonist after chronic exposure to a neuroleptic. It is not clear if
these results are suggesting that [3H]spiperone is binding to a site which doss not represent
the action of LY-171555 or whether other mechanisms responsible for the enhanced
responses of this D2-dopamine agonist in 6-OHDA-lesioned rats.

Mailman et al. (1983) reported that [3H]dopamine binding to caudate was diminished in rats
treated neonatally with 6-OHDA, suggesting that the [3H]dopamine was binding to a site on
dopaminergic neurons. However, because this presynaptic site on dopaminergic terminals
has properties of a D2-dopamine receptor (Kebabian and Calne, 1979), it is not clear why
binding of [3H]spiperone is not also reduced by the 6-OHDA treatments. One possible
explanation might be an equal rise in the number of postsynaptic sites associated with
[3H]spiperone binding to compensate for the loss of autoreceptors (i.e., no net change
compared to control). Nevertheless, this possibility raises questions about why there are
differences in results depending on whether a dopamine agonist ([3H]dopamine) or
dopamine antagonist ([3H]spiperone) is used to delineate receptor number.

Although functional responses to SKF-38393 were enhanced in neonatally 6-OHDA-
lesioned rats, binding of [3H]SCH 23390 (a selective D1-dopamine receptor antagonist) to
caudate or nucleus accumbens membranes from these animals was not altered. Binding of
[3H]SCH-23390 to caudate membranes also was not affected by chronic haloperidol
treatment, a finding in agreement with recent reports (MacKenzie and Zigmond, 1985;
Creese and Chen, 1985). These studies indicate that the site associated with spiperone
binding can adapt independently of the site at which SCH 23390 binds. Adult-6-OHDA-
lesioned rats are reported to have an increase in dopamine-stimulated-adenylate cyclase
(Mailman et al., 1981), whereas in neonatally 6-OHDA-lesioned rats the activity of this
enzyme is unchanged (Mailman et al., 1983). Inasmuch as binding of [3H]SCH 23390 in the
present report was not altered by either of these 6-OHDA treatments, it appears that a simple
association between [3H]SCH 23390 binding and adenylate cyclase activity does not exist. It
is not known whether these observations indicate two distinct D1-dopamine receptor sites,
an alteration in cyclase reactivity without a change in receptor number or both.

Because Parkinson’s patients as well as children with Lesch-Nyhan disease have reduced
brain dopamine (Hornykiewicz, 1973; Lloyd et al., 1981), binding results obtained in the 6-
OHDA-lesioned rats, depending upon the age at which treatment occurred (Breese et al.,
1984a), may be relevant to the neuropathological changes in these clinical disorders.
Although no data are available presently on binding of dopamine receptor antagonist ligands
in Lesch-Nyhan disease, there are data reported from Parkinson’s patients at autopsy. For
example, [3H]haloperidol binding has been found to be elevated in putamen (Guttman and
Seeman, 1985) of patients with Parkinsonism, particulary those that had not received L-dopa
(Lee et al., 1978; Bokobza et al., 1984). Binding of [3H]haloperidol in caudate or putamen
tissue from Parkinson’s patients has not been found to differ from normal, if the patients
were being treated with L-dopa (Guttman and Seeman, 1985), although no change (Bobobza
et al., 1984) and increases (Guttman and Seeman, 1985) are reported in caudate of patients
not receiving this drug. In view of these clinical results, the absence of a change in
[3H]spiperone receptor binding in the 6-OHDA-treated rats may be associated with the fact
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that these animals had been exposed to dopamine agonists. However, even if this should be
the case, enhanced behavioral responses to the D2-dopamine agonist persist in the lesion
rats, even though the number of dopamine antagonist binding sites are not altered.

In addition to results with 3H-neuroleptic ligands, several studies have been performed on
tissue from patients with Parkinsonism to evaluate adenylate cyclase activity and [3H]SCH
23390 binding. Dopamine-stimulated adenylate cyclase activity is reported to be decreased
(Shibuya, 1979) or increased (Nagatsu et al., 1978) in patients with Parkinsonism. On the
other hand, [3H]SCH 23390 binding is reported to be not changed (Pimoule et al., 1985;
Raisman et al., 1985) or elevated (Raisman et al., 1985) in patients with Parkinsonism. The
length of time that patients are free of L-dopa was suggested as a possible reason for the
conflicting results, because no change in [3H]SCH 23390 was observed in those patients that
had not received L-dopa from 5 days to 4 years before death (Raisman et al., 1985). Thus,
the results with [3H]SCH 23390 in patients with Parkinsonism seem consistent with the
absence of a change in [3H]SCH 23390 binding to striatal tissue observed in adult-6-OHDA-
lesioned rats. From the absence of a change in [3H]SCH 23390 binding in neonatally
lesioned rats, it would not seem likely that a change in [3H]SCH-23390 binding will be
observed in patients with Lesch-Nyhan disease.

In summary, the present investigation has demonstrated the following: 1) D1- and D2-
dopamine agonists produced supersensitive behavioral responses when microinjected into
the nucleus accumbens and caudate nucleus of 6-OHDA-lesioned rats; 2) locomotor
responses from adult-6-OHDA-lesioned rats induced by intra-accumbens microinjection of
D1- and D2-dopamine agonists were not the same as those observed after systemic
administration; and 3) [3H]SCH 23390 and [3H]spiperone binding to nucleus accumbens
and caudate tissue were not altered in neonatally and adult-6-OHDA-treated rats that
exhibited enhanced behavioral responses to D1- and D2-dopamine agonist administration.
Thus, a change in binding characteristics for the dopamine-antagonist ligands was not
associated with the behavioral supersensitivity observed with 6-OHDA-lesioned rats after
D1- and D2-dopamine agonist administration. The absence of an association between the
enhancement of dopamine-agonist induced behavior and dopamine-antagonist binding
suggest that there are deficiencies in our present understanding of dopamine receptor
mechanisms. Studies of dopamine agonist binding in dopaminergic terminal areas,
evaluation of neural systems that can modulate dopamine receptor function and further
definition of cellular mechanisms beyond the dopamine receptor level of lesioned rats are
areas for future experimentation that might suggest a molecular mechanism for the enhanced
behavioral responses observed after dopamine agonist administration to rats with lesions of
dopamine-containing neurons.
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Fig. 1.
SKF-38393 and LY-171555-induced locomotor activity after microinjection into the nucleus
accumbens of neonatally 6-OHDA-treated rats. The dose-response curve for SKF-38393 is
significantly different from that observed in control rats (P < .001). The responses obtained
with the 0.3- and l.0-µg doses of LY-171555 in the neonatally lesioned rats are significantly
different from control responses (P < .01). There are four to eight determinations at each
dose of the drugs for the various groups.
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Fig. 2.
Time course of the locomotor response to the D1- and D2-agonists after microinjection of
0.3 µg into the nucleus accumbens of neonatally 6-OHDA-treated rats. These determinations
were from five rats in each group.
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Fig. 3.
Representative placements of injector tips in 6-OHDA-treated animals and controls.
Placement was determined by histological procedures performed in randomly selected rats.
Each symbol represents tip placement of bilateral injections. A, nucleus accumbens
placements; B, caudate nucleus placements. Numerals to the right indicate anterior/posterior
position, in micrometers, according to Konig and Klippel (1963).
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Fig. 4.
Saturation analysis of [3H]spiperone binding to striatal membranes from control and
neonatally 6-OHDA-treated rats. All determinations were in the presence of 0.12 M NaCl
and 20 nM ketanserin. See table 8 for other values for rats lesioned with 6-OHDA when
adults or rats treated chronically with haloperidol. Striatal tissue from three rats was pooled
for each of the three independent determinations (i.e., total = 9). Data are presented as the
mean of these separate determinations. [3H]-Spiperone binding is presented as a function of
ligand concentration: a, Scatchard transformation; b, the calculated values for the KD and
Bmax are provided in the insert. There were no significant differences between groups (P > .
1). B/F, bound/free.
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Fig. 5.
Saturation analysis of [3H]SCH-23390 binding to striatal membranes from neonatally 6-
OHDA-treated rats. Twelve controls and 12 neonatal 6-OHDA-treated rats were used.
Striatal tissue from three rats was pooled to obtain four independent determinations. All
binding was performed in the presence of 0.12 M NaCl. Data are presented as the mean of
four separate saturation curves. Upper, [3H]SCH-23390 binding as a function of ligand
concentration. Lower, Scatchard transformation of data in A. The calculated values for the
Kd and Bmax are provided in an insert. There are no significant differences between the
groups (P > .1). B/F, bound/free.
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TABLE 1
Locomotor activity induced by SKF-38393 after microinjection into nucleus accumbens
or caudate of neonatally 6-OHDA-treated rats

SKF-38393 (0.3 µg/side) was administered bilaterally into either the nucleus accumbens or the caudate after
45 min of habituation to the activity chambers. Activity counts were accumulated over a 180-min period. The
dose of SKF-38393 was administered in a volume of 0.5 µl over a 5-min period. In untreated rats the response
to saline administered into the nucleus accumbens was 1255 ± 317 counts per 180 min (N = 6) and 1538 ± 246
counts when administered into the caudate (N = 5). The response to saline administered into the nucleus
accumbens of neonatally 6-OHDA treated rats was 1611 ± 392 counts per 180 min (N = 5). There are at least
five determinations for each of the groups.

Group Nucleus Accumbens Caudate

(Counts/180 min ± S.E.M.)

Unlesioned control 3121 ± 974* 1583 ± 342

Neonatal-6-OHDA 37,687 ± 4785*** 3236 ± 1603

*
P < .05 when compared to saline treated control;

***
P < .001 when compared to control response.
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TABLE 2
Effect of microinjection of SKF-38393 into nucleus accumbens on behavior in an open
field

Each value is the mean ± S.E.M. of the percentage of scoring intervals summed for the 12 observation periods.
There are four rats in each of the groups. Saline administration into nucleus accumbens of unlesioned controls
did not differ from values for saline administered to unlesioned rats (see representative values when saline
injected into caudate; table 5).

Behavior Neonatal-6-OHDA SKF (0.3 µg/
side)

Unlesioned Control SKF (0.3 µg/
side)

Neonatal-6-OHDA Saline

Sniffing 8.3 ± 1.8*,† 4.3 ± 1.0† 1.7 ± 0.6

Rearing 2.6 ± 0.9† 1.7 ± 0.7† 0.2 ± 0.2

Locomotion 8.1 ± 2.6*,† 1.0 ± 0.4† 0.1 ± 0.1

Eating and digging in wood chips 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0

Grooming 2.8 ± 0.9*,† 1.0 ± 0.3† 0.0 ± 0.0

Taffy pulling 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0

Self-biting 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0

Paw treading 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0

Licking 2.0 ± 1.2*,† 0.0 ± 0.0 0.0 ± 0.0

*
P < .05 when compared to unlesioned control treated rats with SKF-38393;

†
P < .05 when compared to lesioned control rats that received saline.
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TABLE 3
Effect of 6-OHDA treatments on brain monoamines in olfactory tubercle and caudate

Values are the mean nanograms per milligram of protein ± S.E.M. Adult 6-OHDA, rats treated as adults and
neonatal 6-OHDA, rats treated when 5 days of age. There are at least 10 rats in each group. ND, not
detectable; DOPAC, 3,4-dihydroxyphenytacetic acid; HVA, homovanillic acid; 5-HT, 5-hydroxytryptamine;
5-HIAA, 5-hydroxyindole-acetic acid.

Monoamine or Metabolite Nonlesioned Control Adult 6-OHDA Neonatal 6-OHDA

Olfactory tubercle (ng/mg protein ± S.E.M.)

  Dopamine 66.9 ± 5.0 4.5 ± 0.8*** 6.2 ± 0.7***

  DOPAC 11.0 ± 1.1 1.3 ± 0.6*** 1.1 ± 0.2***

  HVA 2.6 ± 0.3 0.2 ± 0.1*** 0.3 ± 0.06***

  5-HT 11.7 ± 0.8 9.9 ± 1.9 13.3 ± 0.5

  5-HIAA 4.0 ± 0.6 4.1 ± 0.4 4.9 ± 0.7

Caudate (ng/mg protein ± S.E.M.)

  Dopamine 100.8 ± 2.1 3.2 ± 1.1*** 1.7 ± 0.7***

  DOPAC 6.9 ± 0.7 0.7 ± 0.4*** 1.6 ± 0.6***

  HVA 2.5 ± 0.8 0.7 ± 0.6*** ND***

  5-HT 5.7 ± 0.6 4.9 ± 0.7 12.5 ± 0.6***

  5-HIAA 4.3 ± 0.3 4.6 ± 0.7 7.2 ± 0.8***

***
P < .001 when compared to content in control rats.
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TABLE 4
Effect of SKF-38393 and LY-171555 on locomotor activity in adult-6-OHDA-treated rats
after peripheral and nucleus accumbens Injections

Animals received drugs peripherally or by central microinjection. Control refers to unlesioned rats. Rats were
habituated to the chambers 45 min before drug treatments. Numbers in parentheses, number of determinations.

Treatment, Dose
Activity ± S.E.M. (Counts/180 min)

SKF-38393 LY-171555

Peripheral injectiona

    Control, 1.0 mg/kg 1716 ± 549 (4) 5112 ± 1365 (4)

    Adult 6-OHDA, 1.0 mg/kg 3299 ± 958 (6) 30633 ± 7833*** (6)

Nucleus accumbens microinjectiona

    Control, 0.3 µg/side 2121 ± 974 (4) 1799 ± 451 (4)

    Control, 1.0 µg/side 1451 ± 491 (5) 1724 ± 864 (4)

    Adult-6-OHDA, 0.3 µg/side 2980 ± 463*** (4)

    Adult-6-OHDA, 1.0 µg/side 23581 ± 7840*** (5) 11884 ± 4827*** (5)

a
Response of control rats to i.p. saline administration was 1346 ± 426 counts/180 min and after microinjection of saline into the nucleus

accumbens was 1511 ± 344 counts/180 min (N = 4 for each group).

***
P < .001 when 6-OHDA response is compared to control.
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TABLE 6
Effect of neonatal and adult 6-OHDA-lesions on binding of [3H]SCH-23390 and
[3H]spiperone to nucleus accumbens

Values represent the mean picomoles per gram of tissue ± S.E.M. at a single concentration of the ligand which
was determined with 1.0 nM [3H]spiperone and 0.3 nM [3H]SCH-23390. Numbers in parentheses, number of
determinations made in triplicate. Adult 6-OHDA-treated rats (Adult 6-OHDA) demonstrated a supersensitive
locomotor response to LY-171555 or to apomorphine (1 mg/kg)and neonatal 6-OHDA-treated rats (neonatal
6-OHDA) showed an elevated locomotor response after three treatments with SKF-38393 (3 mg/kg). No
significant differences were observed among the groups for either ligand (P > .1).

Treatment
Nucleus Accumbens

[3H]SCH-23390 [3H]spiperone

Control 7.0 ± 0.9 (9) 10.8 ± 0.9 (7)

Neonatal 6-OHDA 7.8 ± 0.7 (11)

Adult 6-OHDA 9.4 ± 0.9 (8)
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TABLE 7
Effect of ketanserin on the binding of [3H]spiperone to striatal membranes

“With” refers to addition of ketanserin (20 nM) to incubation from unlesioned controls and neonatally 6-
OHDA-lesioned rats. See “Methods” for details. N, number of determinations. P > .1 for comparison of
control with 6-OHDA-treated groups.

Incubation N Control 6-OHDA

pmol/g tissue

No ketanserin 8 21.2 ± 1.0 21.9 ± 1.3

With ketanserin 8 18.8 ± 0.7 19.3 ± 1.1
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TABLE 8
Summery of binding characteristics for [3H]spiperone binding after adult 6-OHDA-
lesions or haloperidol

Adult 6-OHDA refers to rats that received 6-OHDA when adult. chronic haloperidol refers to rats that
received haloperidol daily (1 mg/kg) for 16 days. Values from these experiments are the mean ± S.E.M. of
three individual Scatchard determinations (See fig. 5 for value for neonatally lesioned rats and matched
controls).

Treatments Bmax Kd

pmol/g nM

Experiment I

    Control 38.3 ± 1.36 0.1 ± 0.005

    Adult 6-OHDA 39.5 ± 1.73 0.09 ± 0.015

Experiment II

    Control 36.2 ± 3.0 0.1 ± 0.008

    Chronic haloperidol 46.0 ± 2.9** 0.1 ± 0.003

**
P < .01 when compared to control.
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