
Proc. Nat. Acad. Sci. USA 71
Vol. 71, No. 10, pp. 3883-3887, October 1974

Enhancement of Dopamine-Stimulated Adenylate Cyclase Activity in Rat Caudate
after Lesions in Substantia Nigra: Evidence for Denervation Supersensitivity

(dopamine receptor/nigro-striatal pathway/Parkinson's disease/cyclic AMP)

RAM K. MISHRA, ELIOT L. GARDNER, ROBERT KATZMAN, AND MAYNARD H. MAKMAN

Departments of Biochemistry, Pharmacology and Neurology, Albert Einstein College of Medicine, Yeshiva University, Bronx, New York 10461

Communicated by Abraham White, July 11, 1974

ABSTRACT Unilateral radiofrequency lesions or chem-
ical lesions with 6-hydroxydopamine were produced in
the substantia nigra of rat brain in order to destroy
dopaminergic innervations to caudate nucleus and thereby
to produce functional denervation supersensitivity. Both
types of lesions resulted in enhanced stimulation of
caudate adenylate cyclase (EC 4.6.1.1) activity by dopa-
mine at all dopamine concentrations tested, with more
marked enhancement at the lower concentrations. Re-
sponse to another dopamine agonist, 1-(3,4-di~hydroxy-
benzyl)-4-(2-pyrimidinyl) piperazine (S584) was also
enhanced. 6-Hydroxydopamine lesions resulted in
selective enhancement of the dopamine-stimulated com-
ponent of adenylate cyclase, whereas radiofrequency
lesions resulted also in a marked decrease in basal activity.
It is postulated that the basal activity of caudate repre-
sents primarily an adenylate cyclase distinct from that
stimulated by dopamine and destroyed only by the less
selective radiofrequency lesion. The enhancement of
dopamine-sensitive adenylate cyclase after lesions serves
as indirect evidence for a significant role of this system in
the transmitter function of dopamine and indicates,
furthermore, that it is directly involved in dopamine
receptor supersensitivity in vivo produced by denervation.

The catecholamine neurotransmitters regulate a variety of
metabolic processes by enhancing the formation of adenosine
3':5'-cyclic monophosphate (cyclic AMP), generally by way
of #-adrenergic receptors (1), but in the central nervous sys-
tem in some instances also by way of a-receptors (2, 3).
Recent reports have demonstrated the presence of dopamine-
stimulated adenylate cyclase [EC 4.6.1.1; ATP pyrophos-
phate-lyase (cyclizing) ] in retina (4, 5) and in brain caudate
nucleus, nucleus accumbens, olfactory tubercle, and cerebral
cortex (6-11).
A second messenger function for cyclic AMP in noradren-

ergic transmission from locus coeruleus to cerebellar Pur-
kinje cell (12) and in dopaminergic transmission from inter-
neurons in sympathetic ganglia (13) has been proposed.
However, this role of cyclic AMP in Purkinje cells has been
disputed (14), and the involvement of cyclic AMP in central
dopaminergic transmission has yet to be established.

Denervation-supersensitivity is a phenomenon involving
functional alteration in synaptic process. Various studies have
shown that sympathetic denervation of adrenergically in-
nervated organs results in supersensitivity to catecholamines
(15, 16). Two separate components have been postulated in
the development of such supersensitivity: an acute component

due to presynaptic degeneration and decreased presynaptic
re-uptake of catecholamines, and a more chronic or gradually
developing component involving increased sensitivity or
response at the postsynaptic receptor level. Of possible rele-
vance to the mechanisms underlying the second component
is the finding that superior cervical ganglionectomy results,
after four weeks, in increased NaF-stimulated and norepi-
nephrine-stimulated adenylate cyclase in homogenates of
pineal gland (17). In addition, other recent studies have sug-
gested that intraventricular administration of 6-hydroxy-
dopamine (and the presynaptic functional denervation of
neuronal catecholamine receptors that results) produces in-
creased sensitivity (17) or increased maximal response of brain
slices to norepinephrine in vitro (18-20).
We have recently reported preliminary studies indi-

cating a chronic alteration of adenylate cyclase activity
in the rat caudate after radiofrequency lesions in the sub-
stantia nigra (21). The present paper describes the effects of
both radiofrequency and 6-hydroxydopamine lesions on ad-
enylate cyclase activity in caudate nucleus. This study rep-
resents an attempt to evaluate the increased postsynaptic
dopamine receptor sensitivity seen after denervation of a
dopaminergic brain system with respect to dopamine-stimu-
lated adenylate cyclase.

MATERIALS AND METHODS

Legions. Unilateral radiofrequency or 6-hydroxydopamine
lesions were placed in the substantia nigra of male Sprague-
Dawley (Holtzman) rats by standard surgical and stereotaxic
techniques. For the chemical lesions, 8 ug of 6-hydroxydopa-
mine in 4 Al of an isotonic saline solution containing 0.2
mg/ml of ascorbic acid was delivered through an acutely im-
planted cannula at a rate of 1 Al/min. All animals were of the
same weight (240-250 g) at the time of surgery. After full re-
covery from surgery, effectiveness of the lesion was confirmed
by observations of rotational behavior induced by systemic
injections of apomorphine or Piribedil (ET-495). All animals
used in this study showed consistent rotational behavior. The
animals were then killed (10-36 days after lesion for the
animals with radiofrequency lesions and 100-120 days after
lesion for animals with 6-hydroxydopamine lesions). For each
experimental animal killed, a control animal without a
lesion (from the same shipment as the experimental animal
and maintained in identical fashion for the same period of
time) was also killed. Left and right caudates were removed
within 2-3 min from both experimental and control animals
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TABLE 1. Adenylate cycase activity of normal
rat caudate nucleus

pmol of cyclic
AMP/mg of

Additions to assay protein per 2.5 min

Basal 302 + 73
Dopamine, 10 MM 772 + 88
Apomorphine, 10 MAM 620 + 102
S584, 10MuM 664 + 53
Dopamine, 10MuM + pimozide, 1 MM 335 + 104
Dopamine, 10M&M + fluphenazine, 10MIM 344 + 76
Dopamine, 10MAM + propranolol, 10MM 785 + 74
S584, 10 MM + fluphenazine, 10 MM 385 + 36
Isopropylnorepinephrine, 10 MM 351 + 38
NaF, 8 mM 324 A 46

Assays were done as described in the text. Each value is an
average of four experiments + SE.

and transferred directly to homogenizing medium for adenyl-
ate cyclase assay. Portions of caudates were saved for dopa-
mine estimation.
The remainder of the brain stem and midbrains from the

animals with radiofrequency lesions were then fixed in forma-
En. Frozen sections cut at 40 nm were prepared and stained
with cresyl violet for histological verification of the lesions.
In general, the lesions in the animals responsive to apomor-
phine were modest in size (<0.5 mm in width and 1.0 mm in
height) and limited to substantia nigra and immediately ad-
jacent structures (cerebral peduncle, zona incerta). In most of
these animals, the fullest extent of the lesion was in the lateral
portion of the substantia nigra, at about the anterior-posterior
level of the ventral tegmental decussation. Animals not re-
sponsive to apomorphine were found either to have no de-
tectable lesion at all or to have massive damage to the entire
mesencephalic and ventral thalamic region.

Adenylate Cyclase Assay. Fresh caudates, immediately after
removal from the brain, were gently homogenized by hand in
all-glass homogenizers at 0-4° in medium containing 2 mM
Tris-maleate buffer (pH 7.4) plus 0.8 mM EGTA at a dilution
of 1: 75 (wet weight/volume). Aliquots of 50,ul each of homog-
enate were then incubated in a shaking-water bath at 300
for 2.5 min in a final volume of 200 Mul of incubation medium
containing 80 mM Tris-maleate buffer (pH 7.4), 10 mM
theophylline, 2 mM MgSO4, 0.5 mM ATP, and appropriate
hormone or other test substances. The reaction was terminated
by placing assay tubes in a boiling-water bath for 2.5 min.

TABLE 2. Dopamine content of caudate nucleus from normal
rats and rats with lesions of the substantia nigra

jAg of dopamine/g of tissue (wet weight)

No lesion Right-side lesion

Type of Left Right Left Right
lesion caudate caudate caudate caudate

6-Hydroxy-
dopamine 7.8 + 0.4 8.2 + 0.6 7.2 4 1.6 0.04 + 0.01

Radio-
frequency 8.4 +t 0.5 9.15 4+ 0.9 8.9 + 0.6 1.2 + 0.3

Each value is an average of 5 experiments SE.

TABLE 3. Influence of radiofrequency lesions on adenylate
cyclase activity of caudate nucleus

pmol of cyclic AMP formed/mg of protein per
2.5 min

No lesion Right-side lesion

Additions to Left Right Left Right
assay caudate caudate caudate caudate

Total activity Total activity
Basal 320+ 15 * 312 + 9 339 +26 § 108 + 21
Dopamine,

1 PM 646 + 31 * 639+ 67 681 4+55 t 862+ 137
Dopamine,
100MUM 912 + 122 * 773 + 59 838 + 101 * 940 + 149

S584 0. 1MuM 665 + 81 * 755 + 54 599 + 70 I 818 + 149
Isopropyl-

norepi-
nephrine,
1MAM 333 + 23 * 327 + 13 350 + 14 § 125 +- 19

NaF, 8 mM 320 + 58 * 342 + 9 387 + 31 § 136 + 19
Increment due Increment due

to catecholamine to catecholamine
Dopamine,

1JMM 326 + 44 * 329 + 59 342 4+ 116 t 754 + 70
Dopanine,

100MM 591 + 110 * 461 + 51 500 + 123 t 831+ 169
S584,0.1 MuM 345 + 37 * 443 + 62 260 + 48 t 710+ 112

Caudates were removed from control animals or animals with
right-side radiofrequency lesions in the substantia nigra and
were assayed for adenylate cyclase activity. Each value is an
average of four replicate experiments + SE, except for isopropyl-
norepinephine values (two experiments). The P values are for
comparisons of left and right caudate of control or of lesioned
animals. *, Not significant; t, P < 0.05; t, P < 0.01; §, P <
0.001.

Particulate matter was removed by low-speed centrifugation,
and aliquots of the supernatant fluids were assayed for cyclic
AMP by a binding assay previously described (5). All values
were corrected for the small amount of cyclic AMP present
after incubation without ATP. Each experiment involved at
least duplicate (usually triplicate) adenylate cyclase incuba-
tions for every condition studied, with replicate determina-
tions of cyclic AMP content in each case.

Dopamine. Caudate dopamine content was estimated by the
fluorometric technique of McCaman et al. (22).

RESULTS
General Characteritics of Dopamine-Stimulated Adenylate

Cyclase. Dopamine (10 MM) caused a 2-fold or greater stimula-
tion of adenylate cyclase activity of normal rat caudate nu-
cleus (Table 1). Isopropylnorepinephrine, a potent stimulator
of p-adrenergic receptor systems, and NaF, a nonspecific
stimulator of adenylate cyclase in many tissues including
whole rat brain, showed no effect on caudate enzyme under
these assay conditions. In addition to dopamine, both apo-
morphine, a dopamine receptor stimulator, and 1-(3,4-di-
hydroxybenzyl)4-(2-pyrimidinyl) piperazine (S584) stimu-
lated the caudate cyclase system (Table 1). S584 is a metab-
olite of Piribedil (ET 495) (23), an antiparkinson drug with
dopamine-receptor stimulating properties in vivo (24). We
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have presented evidence elsewhere that Piribedil, although
itself without direct effect on caudate adenylate cyclase, does
activate cyclase and stimulates cyclic AMP levels when in-
cubated with intact caudate slices in vitro (8, 25). Miller and
Iverson have also reported the stimulatory effect of S584 on
caudate cyclase (26). The stimulatory effect of dopamine
and S584 was blocked by neuroleptic drugs such as fluphen-
azine, chloropromazine, pimozide, and haloperidol, but not by
fl-adrenergic receptor blocking agents such as propranolol and
sotalol (representative data are summarized in Table 1).
Stimulation by apomorphine and blockade by neuroleptic
agents have been reported as specific properties of dopamine-
stimulated, ce4tral adenylate cyclase systems (5, 6, 8, 10).

Effect of 6-Hydroxydopamine and Radiofrequency Lesions on
Dopamine Content of Caudate Nucleus. The dopamine content
of ipsilateral caudate nucleus was decreased significantly, as
compared to the contralateral side, after either 6-hydroxydopa-
mine or radiofrequency lesions in the nigrostriatal pathway
(Table 2). In these studies the chemically produced lesion
with 6-hydroxydopamine was clearly the more effective'pro-
cedure, even though only about 14% of dopamine remained
after the radiofrequency lesion.

Effects of Radiofrequency Lesions in the Substantia Nigra on
Adenylate Cyclase Activity of Caudate Nucleus. As shown in
Table 3, basal adenylate cyclase activity of the left caudate
from animals with radiofrequency lesions is about the same as
those of left and right caudates from animals (control) without
lesions. However, the basal activity is significantly decreased
(Table 3) in ipsilateral caudate of animals with lesions.
Dopamine or S584 caused a 2- to 3-fold stimulation of adenyl-
ate cyclase in both caudates of animals without lesions and
contralateral caudate of animals with lesions. However, in the
ipsilateral caudate the stimulation of enzyme by dopamine or
S584 was more than 7-fold at low concentration, suggesting a
supersensitivity in the dopamine receptor after lesions were
made in the substantia nigra. NaF and isopropylnorepi-
nephrine were without effect in both groups of animals. The
absolute increment in adenylate cyclase due to 100 MM, 1 uM
dopamine, or 0.1 uM S584 was also significantly increased
after lesion (Table 3), suggesting increase in total receptor
activity as well as in sensitivity (see also below and Discus-
sion).

Effects of6-Hydroxydopamine Lesions in the Substantia Nigra
on Adenylate Cyclase Activity of Caudate Nucleus. The results
obtained with 6-hydroxydopamine lesions in the substantia
nigra are shown in Fig. 1. Unlike the radiofrequency lesions, no
difference in basal activity of adenylate cyclase was observed.
However, a supersensitivity to low concentrations of dopa-
mine was clearly seen in the ipsilateral caudate as compared to
the contralateral caudate of lesioned animals or left and right
caudates of control animals (Fig. 1). The differences in enzyme
activity of right and left caudates at 0.1 MM, 1 uM, and 100
MM dopamine concentration are each statistically significant
(Fig. 1B). As shown for control animals and for those with
radiofrequency lesions, isopropylnorepinephrine and NaF
were also without effect in animals with 6-hydroxydopamine
lesions (data not shown). The results presented in Fig. 1B
indicate no change in basal activity after 6-hydroxydopamine
lesions but a significantly enhanced stimulation of adenylate
cyclase by catecholamines. This finding suggests a relation-
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FIG. 1. Influence of 6-hydroxydopamine lesions on adenylate
cyclase activity. Substantia nigra lesions on the right side and
adenylate cyclase assay of caudate nucleus were carried out as

described in the text. R, Right caudate (0); L, left caudate (0).
(A), Control animals; (B), lesioned animals. Each point represents
an average of four replicate experiments SE.

ship between dopamine supersensitivity and the dopamine-
stimulated component of caudate cyclase.

DISCUSSION

The present study was carried out in order to help elucidate
the functional role of dopamine-sensitive adenylate cyclase in
the nigrostriatal pathway and the possible involvement of this
cyclase system in postsynaptic receptor hypersensitivity. The
data obtained provide strong evidence for the involvement of
the caudate adenylate cyclase system in these neuronal pro-

cesses.

Dopamine-containing nerve fibers connecting the substantia
nigra with the corpus striatum have been demonstrated in rat
(27), monkey (28), and cat (29) after brain lesions and by
fluorescence microscopy (30). The loss of dopamine in caudate
nucleus of rat brain after either radiofrequency lesion or

chemical lesion with 6-hydroxydopamine in the substantia
nigra, demonstrated in the present study, is consistent with
other reports of decreased striatal dopamine content after
large lesions in the ventromedial tegmentum of rat, monkey,
and cat brain (27-29). It is apparent from the data presented
in Table 2 that the chemical lesion was more effective in
destroying the dopamine-containing fibers while, from the
other data presented, at the same time more selective in its
effect on caudate adenylate cyclase than was the radiofre-
quency lesion.
The enhanced stimulation of caudate adenylate cyclase by

dopamine without change in basal activity after 6-hydroxy-
dopamine lesions (Fig. 1B) clearly supports the relationship
between dopamine supersensitivity and the dopamine-stimu-
lated component of caudate adenylate cyclase. In contrast,
von Voightlander et al. (31) have reported no alteration in
activity of mouse striatal adenylate cyclase 11 days after
injection of 6-hydroxydopamine into the striatum. The reason

for this discrepancy is not clear, but may be due to differences
in handling of the tissues, since von Voightlander and co-

workers stored their tissue frozen before assay; we find this

**R

* p <0.001
** P < 0.005
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procedure to result in appreciable loss in activity of rat
caudate. It may also be noted that the specific activity (both
basal and with dopamine) of control rat caudate adenylate cy-
clase reported in this study is greater than (more than twice)
that reported by other investigators (9, 26), probably due to
very rapid removal and assay of tissue.
The enhanced dopamine response of adenylate cyclase from

denervated caudate extends also to another dopamine agonist,
S584, the active catechol metabolite of Piribedil (ET495,
Trivastal) (8, 25, 26). On the other hand, this enhanced
response does not appear to be associated with transformation
to or addition of a less selective catecholamine receptor, since
isopropylnorepinephrine is still inactive after denervation.
Isopropylnorepinephrine is typically a ,8-agonist, although in
primate (but not rodent) caudate and retina adenylate cyclase
systems it is also a dopamine-receptor agonist (effect blocked
by neuroleptic drugs but not by propranolol) (7, 8).
The rat caudate nucleus contains not only very high dopa-

mine-stimulated adenylate cyclase activity, but also much
higher basal (control) activity than does the surrounding area,
cerebral cortex, or whole brain. This basal activity of caudate
is probably not due to release of endogenous dopamine since it
is not inhibited by homogenization in the presence of potent
dopamine-blocking agents under conditions that prevent the
effect of added dopamine (unpublished studies) and since it is
not altered by complete depletion of dopamine due to 6-
hydroxydopamine lesions, shown in the present study. Never-
theless, this basal activity was decreased to about one-third
the control value by relatively small radiofrequency lesions
(Table 3). These results suggest that the major portion of the
basal adenylate cyclase activity of caudate is anatomically
distinct from the postsynaptic dopamine-sensitive cyclase
system that is enhanced by both types of lesions.
Enhancement of dopamine-stimulated adenylate cyclase by

denervation may possibly be mediated by release of the post-
synaptic neuron from an inhibited or restrained state normally
present and possibly due directly or indirectly to an action of
cyclic AMP and/or dopamine. (The component of super-
sensitivity involving loss of presynaptic sites for re-uptake of
catecholamine is presumed to be not operative in this study
since that component would be destroyed by the extremely
hypotonic conditions used for homogenization.) Several
possible alterations in the adenylate cyclase system might
result in enhancement of dopamine response, including: (i)
relative increase in catalytic component of adenylate cyclase
(with or without pre-existing receptor excess), (ii) increase in
both dopamine-receptor and catalytic components of adenyl-
ate cyclase, (iii) selective increase in the dopamine-receptor
component, and (iv) increase in efficacy of "coupling" of
dopamine-receptor activation to stimulation of the catalytic
component. The findings reported here of markedly enhanced
sensitivity to dopamine, together with more moderate in-
crease in maximal stimulation by dopamine, are against pos-
sibility i and are in favor of ii or more particularly iii or iv.
In contrast to previously reported studies of pineal adenylate
cyclase, where denervation was found to result in increased
response to fluoride ion (18), we have no such independent
measure of catalytic activity available as yet for the caudate
system. Also, since, as discussed earlier, we believe that the
major portion of the basal activity in caudate may be due to a
separate dopamine-independent cyclase system, lack of en-

provides evidence neither for nor against an increase in the
catalytic subunit of cyclase. Further studies will be needed to
more completely evaluate the nature of the response of cy-

clase to denervation. The present data permit us to conclude,
however, that sensitivity and, to a lesser extent, total capacity
of the dopamine receptor component of the caudate adenylate
cyclase system increase after denervation. This finding in-
dicates that adenylate cyclase is directly involved in the
phenomenon of denervation supersensitivity in a major central
dopaminergic neuronal pathway. Also, it provides indirect
support for the hypothesis that cyclic AMP plays a role in
catecholamine-mediated synaptic events.
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