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SUMMARY

KRUEGER, BRUCE K., FoRN, JAVIER, WALTERS, JUDITH R., RoTH, RoBERT H. &
GREENGARD, PAuL (1976) Stimulation by dopamine of adenosine cyclic 3’,5’-mono-
phosphate formation in rat caudate nucleus: effect of lesions of the nigro-neostriatal
pathway. Mol. Pharmacol ., 12, 639-648.

Stimulation by dopamine of cyclic 3',5'-AMP formation in slices and homogenates of
caudate nucleus was studied in rats that exhibited apomorphine-induced contralateral
circling following unilateral lesions of the nigro-neostriatal system. Electrothermic
lesions or 6-hydroxydopamine injections were made in the ascending dopaminergic
pathway, and resulted in 93-95% depletion of endogenous dopamine in the ipsilateral
caudate nucleus. An increase in the ability of submaximal concentrations of dopamine
to stimulate cyclic AMP formation was observed, 3-30 days after placement of the
lesions, in slices prepared from the caudate nucleus on the lesioned side. In contrast to
the results obtained with slices, the stimulation by dopamine of adenylate cyclase
activity in homogenates of caudate nucleus was the same on the lesioned as on the
control side. The data suggest that contralateral circling, induced by dopamine agonists
in animals with unilateral lesions in the nigro-neostriatal pathway, may be due to an
increased ability of the dopamine agonists to stimulate cyclic AMP formation on the
lesioned side. This increased ability of dopamine agonists to raise cyclic AMP levels
appears to result primarily from the lesion-induced destruction of presynaptic dopa-
mine-containing nerve terminals in the caudate nucleus rather than from a change in
dopamine-sensitive adenylate cyclase in the postsynaptic cells. The stimulation by
dopamine of cyclic AMP formation in slices of caudate nucleus may be a useful biochemi-
cal model for the study of denervation supersensitivity in the nigro-neostriatal pathway.
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applied dopamine depresses the firing rate
of neurons in the caudate nucleus (5-7),
thus mimicking the effects of electrical
stimulation of the nigro-neostriatal path-
way (5, 6). Extrapyramidal motor dysfunc-
tion associated with Parkinson’s disease
has been attributed to a depletion of dopa-
mine in the caudate nucleus, resulting
from degeneration of dopamine-containing
neurons whose cell bodies are located in
the substantia nigra (8).

A variety of evidence suggests that
either denervation or depletion of endoge-
nous catecholamines results in an in-
creased sensitivity of postsynaptic cate-
cholamine receptors to neurotransmitters
(9, 10). I-Norepinephrine stimulation of rat
pineal adenylate cyclase activity is en-
hanced by prior superior cervical ganglio-
nectomy (11, 12). Destruction of adrenergic
nerve terminals by 6-hydroxydopamine
causes an increase in the stimulation by /-
norepinephrine of cyclic 3',5'-AMP forma-
tion in slices of rat cerebral cortex (13-15).
Increased norepinephrine-induced cyclic
AMP synthesis is also observed following
depletion of brain catecholamines by reser-
pine (16).

Apparent increases in receptor sensitiv-
ity are also observed in dopaminergic sys-
tems following denervation. Injection of 6-
hydroxydopamine into the caudate nu-
cleus (7) causes an increase in the sensitiv-
ity of neurons in the caudate nucleus to
iontophoretically applied dopamine, the
endogenous neurotransmitter in the nigro-
neostriatal system. In rats and mice with
unilateral lesions of the nigro-neostriatal
system, administration of apomorphine or
L-dopa results in circling in a direction
contralateral to the side of the lesion (17-
20); the rate of contralateral circling be-
havior has been shown to correlate with
the degree of depletion of dopamine in the
caudate nucleus on the lesioned side (19).
It has been suggested that this circling
behavior is the result of a supersensitivity
of dopamine receptors on the denervated
side caused by the loss of dopaminergic
input (17-19).

Recent evidence suggests that dopamine
may exert its physiological effects in mam-
malian superior cervical sympathetic gan-
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glia and in the caudate nucleus by increas-
ing intracellular levels of cyclic AMP. In
these tissues, dopamine raises cyclic AMP
levels (21-23), and cyclic AMP mimics the
electrophysiological effects of dopamine (7,
24). A dopamine-sensitive adenylate cy-
clase has been found in homogenates of the
ganglion (21) and caudate nucleus (25).
Moreover, studies in many laboratories
have provided considerable evidence sug-
gesting that the dopamine-binding portion
of the dopamine-sensitive adenylate cy-
clase, observed in homogenates of caudate
nucleus as well as of other brain regions,
may be the dopamine receptor (25-34).

In view of the possible association be-
tween the dopamine receptor and dopa-
mine-sensitive adenylate cyclase, it might
be expected that lesions of the nigro-neo-
striatal system would alter the activity of
this enzyme in homogenates of the caudate
nucleus. Several groups of workers have
investigated this possibility. One group
has reported an increase in sensitivity to
dopamine of adenylate cyclase in homoge-
nates from the ipsilateral side of rats with
unilateral 6-hydroxydopamine or radiofre-
quency lesions in the substantia nigra
(35). However, other groups of investiga-
tors, in either published (36) or unpub-
lished?® studies, have been unable to show
a change in dopamine-sensitive adenylate
cyclase activity in rats and mice exhibiting
turning behavior due to lesions of the ni-
gro-neostriatal system. In the present
study we have investigated the effects of
electrothermic and 6-hydroxydopamine-in-
duced lesions of the nigro-neostriatal path-
way on dopamine-stimulated formation of
cyclic AMP, not only in homogenates but
also in slices of rat caudate nucleus.

MATERIALS AND METHODS

Placement of lesions in nigro-neostriatal
pathway. Male Sprague-Dawley rats, 220-
280 g, from Charles River Breeding Labo-
ratories, were anesthetized with chloral
hydrate (400 mg/kg intraperitoneally).

3 J. W. Kebabian, U. Ungerstedt, B. J. Hoffer, G.
R. Siggins, and P. Greengard, unpublished observa-
tions; M. Goldstein and U. Ungerstedt, personal
communication; L. L. Iversen, personal communi-
cation.
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Unilateral electrothermic lesions were
placed in the nigro-neostriatal pathway at
a point corresponding to section A 3180 u
according to Konig and Klippel (37), essen-
tially as described by Hokfelt and Unger-
stedt (38) and modified by Walters et al.
(39). The animals were killed 3-30 days
later. Upon the death of each rat the cau-
date nuclei were removed for assay of en-
dogenous dopamine and/or cyclic AMP for-
mation in vitro. The remaining brain tis-
sue was fixed in buffered formalin, sec-
tioned, and stained with cresyl violet for
histological verification of the location and
extent of the lesion.

6-Hydroxydopamine lesions were made
in the nigro-neostriatal pathway just ante-
rior to the substantia nigra. The injection
cannula was lowered to a point just above
the ascending dopaminergic bundle, 0.2
mm dorsal to the position used for electro-
thermic lesioning, and 8 ug of 6-hydroxy-
dopamine in a total volume of 4 ul of
vehicle (0.2 M ascorbic acid in 0.9% NaCl)
were then injected at a rate of 2 ul/min.
Minimal honspecific damage to the tissue
in the vicinity of the injection cannula tip
was found under the experimental condi-
tions used.

As a measure of the effectiveness of the
lesions, dopamine was determined by a
modification of the method of Laverty and
Taylor (40) as described previously (41).

Changes in motor behavior following ad-
ministration of apomorphine were studied
in rats which had received unilateral le-
sions in the nigro-neostriatal pathway.
Animals (10-20 days after lesioning) were
placed in translucent white plastic buckets
with transparent covers, and the absence
of spontaneous turning behavior was veri-
fied. Animals then received apomorphine
(0.3-3 mg/kg intraperitoneally in 0.2 ml of
distilled H,0). The number of net turns
per minute was subsequently recorded for
a 30-min period following apomorphine ad-
ministration.

Measurement of cyclic AMP levels in
slices. For measurement of cyclic AMP
levels in slices of caudate nucleus, tissue
was prepared and incubated as described
previously (22) with modification. Caudate
nuclei (caudate-putamen, excluding glo-
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bus pallidus) from 7-10 rats were pooled
and placed in Krebs-Ringer-bicarbonate
buffer (containing NaCl, 124 mm; KCl, 5.0
mM; NaHCO,, 26 mm; CaCl,, 0.8 mm;
MgCl,, 1.3 mym; KH,PO,, 1.2 mum; and glu-
cose, 10 mm, pH 7.4, equilibrated with 95%
0,-5% CO,) at room temperature. Tissues
from control and lesioned sides were pre-
pared and assayed for cyclic AMP sepa-
rately. Slices were prepared on a Mcllwain
tissue chopper, using a 0.26-mm excursion.
The tissue was chopped twice, the second
time in a direction perpendicular to the
first. The resulting slices were suspended
in Krebs-Ringer-bicarbonate buffer (50 mg
of tissue per milliliter) at 37°. The slices
were allowed to settle, and the superna-
tant was removed. Fresh Krebs-Ringer-
bicarbonate buffer was added, and the tis-
sue was resuspended and incubated for 60
min. Then 0.2-ml aliquots of the suspen-
sion of slices were added to tubes contain-
ing 3-isobutyl-1-methylxanthine (a phos-
phodiesterase inhibitor; final concentra-
tion, 1 mm) and various concentrations of
dopamine or other test substances in a
volume of 0.1 ml of Krebs-Ringer-bicar-
bonate buffer so that the final volume was
0.3 ml. For each experimental condition,
three to six replicate assay tubes were in-
cubated. Each tube was flushed with 95%
0,-5% CO,, sealed, and incubated for 15
min. The incubation was terminated by
placing the tubes in a boiling water bath
for 9 min. The tubes were centrifuged at
2000 x g for 5 min, and duplicate 0.05- or
0.10-ml aliquots of the supernatant were
assayed for cyclic AMP by the method of
Brown et al. (42). The remaining material
was dissolved in 0.1 N NaOH for protein
determination by the method of Lowry et
al. (43). Within each experiment, cyclic
AMP concentrations were calculated as a
percentage of the basal level. The results
obtained in two to five separate experi-
ments were combined, and the data re-
ported represent the means + standard
errors for 8-16 replicate samples for each
experimental condition.

Measurement of adenylate cyclase activ-
ity in homogenates. Dopamine-sensitive
adenylate cyclase was assayed as de-
scribed previously (25) with minor modifi-
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cation. Caudate nuclei from control and
lesioned sides were homogenized sepa-
rately in 100 volumes of 4 mm Tris-Cl-4
mMm EGTA,* pH 7.4, using 12 manual up-
and-down strokes in a loosely fitting glass-
Teflon tissue grinder. Aliquots (50 ul) of
this homogenate were added to the stand-
ard assay mixture (final volume, 0.5 ml)
for measurement of adenylate cyclase ac-
tivity. This assay mixture contained (final
concentrations) Tris-maleate, 80 mwM;
MgCl,, 2.0 mm; EGTA, 0.6 mm; 3-isobutyl-
1-methylxanthine, 1.0 mm; ATP, 0.5 mMm;
and the indicated concentrations of dopa-
mine, pH 7.4. The assay mixture was incu-
bated in the absence of ATP for 20 min at
0° and then for 1 min at 30°. The adenylate
cyclase reaction was then initiated by the
addition of 0.1 ml of ATP. The reaction
was allowed to proceed for 3 min at 30° and
was terminated by boiling for 2 min. For
each experimental condition, samples
were incubated in triplicate, and duplicate
50-ul aliquots of each sample were assayed
for cyclic AMP by the method of Brown et
al. (42).

Materials. Dopamine HCI, [-isoprotere-
nol HCl, and I/-norepinephrine HCI] were
obtained from Sigma. 3-Isobutyl-1-meth-
ylxanthine and 6-hydroxydopamine were
purchased from Aldrich. Cyclic [G-
SHJAMP (25-30 Ci/mmole) was obtained
from New England Nuclear. All other re-
agents were of the highest grade commer-
cially available.

RESULTS

Determination of effectiveness of lesions.
Rats which received either unilateral elec-
trothermic lesions or unilateral 6-hydroxy-
dopamine lesions in the nigro-neostriatal
pathway were found to have 93-95% deple-
tion of endogenous dopamine in the ipsi-
lateral caudate nucleus 10 days after
placement of the lesions (Table 1). This
effect occurred rapidly: rats with unilat-
eral electrothermic lesions in the nigro-
neostriatal pathway were found to have
94% depletion of endogenous dopamine on
the ipsilateral side 3 days after placement
of the lesions (data not shown).

* The abbreviation used is: EGTA, ethylene glycol
bis(8-aminoethyl ether)-N ,N'-tetraacetic acid.
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TABLE 1

Effect of lesions of nigro-neostriatal system on
dopamine content of caudate nucleus

The dopamine concentration was determined in
caudate nuclei of rats that had received either uni-
lateral electrothermic lesions (n = 12) or unilateral
6-hydroxydopamine injections (n = 3) in the nigro-
neostriatal pathway. Dopamine measurements were
made 10 days after lesioning.

Side Dopamine content
Electro- 6-Hydroxydo-
thermic lesion pamine lesion
U8 /8 tissue
Control 10.0 = 0.7 10.5 + 0.4
Lesioned 0.7 £ 0.2 0.5 + 0.3

The electrothermic lesion was found to
be spherical, approximately 1.0 mm in di-
ameter, and encompassed the ascending
dopaminergic pathway dorsal to the me-
dial forebrain bundle (44). It also included
part of the medial forebrain bundle, part of
the fields of Forel, and parts of the medial
edge of the crus cerebrae and subthalamic
nuclei. In each experiment with slices of
caudate nucleus, tissue from 7-10 animals
was pooled; in no experiment was more
than one animal found, by subsequent his-
tological analysis, to have either an incom-
plete lesion or a lesion that resulted in
destruction of an area greater than that
described above.

Effects of lesions on dopamine- and apo-
morphine-induced cyclic AMP formation
in slices. Since denervation supersensitiv-
ity, as measured behaviorally, is nearly
maximal within 10-15 days after place-
ment of lesions (17), we studied the effect
of dopamine on cyclic AMP levels in slices
of caudate nucleus from rats which had
received unilateral electrothermic lesions
in the nigro-neostriatal pathway 10-15
days earlier (Fig. 1A). In slices of caudate
nucleus prepared from the control side, a
half-maximal increase in cyclic AMP con-
tent was caused by about 40 M dopamine.
(In a previous study (22), half-maximal
stimulation of cyclic AMP levels was ob-
served with 60 uM dopamine.] In slices
prepared from the lesioned side, 5 uM do-
pamine caused a half-maximal increase in
cyclic AMP levels. An increase in sensitiv-
ity to dopamine was also observed using
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F1c. 1. Effect of various concentrations of dopamine on cyclic AMP content of slices of caudate nucleus
from control (®) and lesioned (O) sides of rats which had received unilateral lesions in the nigro-neostriatal

pathway 10-15 days earlier

Cyclic AMP levels were calculated as a percentage of the basal level of cyclic AMP observed in the
absence of added dopamine, and are expressed as means + standard errors for 10-15 samples. A. Electro-
thermic lesion. Basal levels of cyclic AMP were 10.7 = 0.5 and 10.8 + 0.4 pmoles/mg of protein (n = 15) on
the control and lesioned sides, respectively. B. 6-Hydroxydopamine lesion. Basal levels of cyclic AMP were
10.7 = 0.5 and 11.0 = 0.3 pmoles/mg of protein (n = 10) on the control and lesioned sides, respectively.

rats with 6-hydroxydopamine lesions in
the nigro-neostriatal pathway (Fig. 1B).
Although basal levels of cyclic AMP varied
slightly from one experiment to another
and from the control to the lesioned side,
no consistent effect of lesioning on basal
levels of cyclic AMP was observed follow-
ing either electrothermic or 6-hydroxydo-
pamine lesions in the nigro-neostriatal
pathway.

The effect of lesioning on apomorphine-
induced cyclic AMP formation was varia-
ble. In four of nine experiments, using
animals that had received unilateral elec-
trothermic lesions in the nigro-neostriatal
pathway 10-15 days earlier, submaximal
concentrations of apomorphine caused
greater increases in cyclic AMP levels on
the lesioned side than on the control side.
However, in the remaining five experi-
ments, no effect of electrothermic lesions
was observed on the apomorphine-induced
increase in cyclic AMP content of caudate
nucleus slices. The reason for the poor re-
producibility of the effect of lesions on apo-
morphine stimulation of cyclic AMP levels
in vitro, in contrast to the more consistent
apomorphine-induced circling behavior in
lesioned animals, is not known.

Contralateral circling behavior is ob-
served, following administration of dopa-

minergic agonists to rats and mice, as
early as 3 days after unilateral lesioning of
the nigro-neostriatal pathway (17, 19).
Therefore the effect of various concentra-
tions of dopamine on cyclic AMP levels
was examined in slices of caudate nucleus
from rats which had received unilateral
electrothermic lesions in the nigro-neostri-
atal pathway 3 days earlier (Fig. 2). In
slices from the control side, half-maximal
stimulation was obtained with 50-60 um
dopamine; in contrast, in slices prepared
from the caudate nucleus on the lesioned
side, half-maximal stimulation was seen
with about 10-12 uM dopamine. An in-
creased elevation of cyclic AMP levels in
the caudate nucleus by submaximal con-
centrations of dopamine was also observed
on the lesioned side in rats which had re-
ceived unilateral electrothermic lesions in
the nigro-neostriatal pathway 30 days ear-
lier (data not shown). The increase in sen-
sitivity to dopamine at 30 days was similar
in magnitude to that observed in rats used
10-15 days after placement of lesions (Fig.
1A).

Effect of lesions on dopamine-sensitive
adenylate cyclase activity in homogenates.
Dopamine-sensitive adenylate cyclase was
assayed in homogenates of caudate nu-
cleus from rats which had received unilat-
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F1G. 2. Effect of various concentrations of dopa-
mine on cyclic AMP content of slices of caudate nu-
cleus from control (®) and lesioned (O) sides of rats
which had received unilateral electrothermic lesions
in the nigro-neostriatal pathway 3 days earlier

Cyclic AMP levels were calculated as a percent-
age of the basal level of cyclic AMP observed in the
absence of added dopamine, and are expressed as
means + standard errors for 10 samples. Basal lev-
els of cyclic AMP were 9.7 + 0.4 and 8.7 = 0.3
pmoles/mg of protein on the control and lesioned
sides, respectively.

eral lesions in the nigro-neostriatal path-
way 16-20 days earlier. The effects of elec-
trothermic lesions (Fig. 3A) and of 6-hy-
droxydopamine-induced lesions (Fig. 3B)
in the nigro-neostriatal pathway were
studied. In both cases only rats which ex-
hibited contralateral circling behavior in
response to apomorphine were used.® Half-

3 Rats which had received unilateral lesions 16-20
days previously were tested for turning behavior in
response to administration of apomorphine as de-
scribed in MATERIALS AND METHODS. These tests were
conducted at least 24 hr before the animals were
killed for adenylate cyclase assays. Two forms of
behavioral response were observed. About 50% of
the rats exhibited circling, contralateral to the side
of the lesion, in response to 0.3-1 mg/kg of apomor-
phine. The turning began about 10 min after injec-
tion, and the animals circled at a rate of about 9-12
turns/min for at least 20-30 min. Rats exhibiting
this form of behavior were used for the adenylate
cyclase assays described above. The remaining rats
displayed pronounced contralateral posturing in re-
sponse to 1-3 mg/kg of apomorphine, and also ex-
hibited increased gnawing and sniffing directed to-
ward the contralateral side.
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maximal stimulation of adenylate cyclase
activity was observed with 3-4 um dopa-
mine in homogenates of caudate nuclei
from control as well as from lesioned sides.
This K, value for dopamine is in agree-
ment with previously published values (4-
5 uM, refs. 25, 27, 29, 35) for dopamine-
sensitive adenylate cyclase. No effect of
the lesions was detected on the basal aden-
ylate cyclase activity observed in the ab-
sence of dopamine.

In a separate series of experiments, do-
pamine-sensitive adenylate cyclase was
assayed in homogenates of caudate nu-
cleus from rats that had received unilat-
eral electrothermic lesions in the nigro-
neostriatal pathway 10 days earlier and
that exhibited contralateral circling in re-
sponse to apomorphine. Moreover, using a
sensitive radioenzymatic assay which al-
lowed determination of endogenous dopa-
mine in the same caudate nucleus homoge-
nates used for adenylate cyclase assays,
95% depletion of endogenous dopamine
was found in the ipsilateral caudate nu-
clei. Half-maximal stimulation of adenyl-
ate cyclase activity was observed with 3-4
M dopamine on both control and lesioned
sides.®

Effect of lesions on l-isoproterenol- and
l-norepinephrine-induced cyclic AMP for-
mation in slices. In a previous study (22) it
was found that l-isoproterenol increased
cyclic AMP levels in slices of caudate nu-
cleus from normal rats, apparently
through activation of beta adrenergic re-
ceptors, which were pharmacologically
distinguishable from dopamine receptors
in the same tissue. A half-maximal in-
crease in cyclic AMP levels occurred with
0.03 uMm l-isoproterenol. The effect of sub-
maximal and supramaximal concentra-
tions of l-isoproterenol on cyclic AMP lev-
els in slices of caudate nucleus from rats
which had received unilateral electro-
thermic lesions in the nigro-neostriatal
pathway 10 days earlier is shown in Table
2. There was no significant effect of the le-
sion on either the sensitivity to /-isoproter-
enol or the maximal stimulation by I-iso-
proterenol. Thus destruction of dopami-
nergic nerve terminals in the caudate nu-

¢ P. Copeland, B. K. Krueger, R. H. Roth, and P.
Greengard, unpublished observations.
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F16. 3. Effect of various concentrations of dopa-
mine on adenylate cyclase activity in homogenates of
caudate nucleus from control (®) and lesioned (O)
sides of rats which had received unilateral lesions in
the nigro-neostriatal pathway 16-20 days earlier

A. Electrothermic lesion. Adenylate cyclase ac-
tivity was measured on triplicate samples from each

TABLE 2

Effect of l-isoproterenol on cyclic AMP content of
caudate nucleus slices

Cyclic AMP levels were measured in slices of
caudate nucleus from rats which had received uni-
lateral electrothermic lesions in the nigro-neostria-
tal pathway 10 days prior to death. Data were calcu-
lated as a percentage of the basal cyclic AMP level
in the absence of l-isoproterenol, and are expressed
as means *+ standard errors for 8 samples. Basal
levels of cyclic AMP were 10.8 + 0.5 and 10.3 + 0.3
pmoles/mg of protein for the control and lesioned
sides, respectively.

Addition Cyclic AMP content
Control Lesioned
side side
% basal
None 100 + 7 100 + 4
0.01 pum l-Isoproterenol 170 + 14 154 + 9
1.0 uM Il-Isoproterenol 362 + 13 331 £ 15

cleus appeared to have no effect on stimu-
lation of the beta adrenergic receptors by I-
isoproterenol.

It was also found previously (22) that /-
norepinephrine increased cyclic AMP lev-
els in slices of caudate nucleus from nor-
mal rats. This effect was attributed to the
stimulation by l-norepinephrine of dopa-
mine receptors and of beta adrenergic re-

DOPAMINE (uM)

of three rats; each value represents the mean +
standard error for the nine samples. B. 6-Hydroxy-
dopamine lesion. Adenylate cyclase activity was
measured on triplicate samples from each of two
rats; each value represents the mean + standard
error for the six samples.

ceptors in the same tissue. The effect of
various concentrations of /-norepinephrine
on cyclic AMP levels in slices of caudate
nucleus from rats which had received uni-
lateral electrothermic lesions in the nigro-
neostriatal pathway 10 days earlier is
shown in Fig. 4. In slices from the control
side, half-maximal stimulation was ob-
served with 30 uM l-norepinephrine, in
agreement with previous observations us-
ing normal rats (22). In slices prepared
from the lesioned side, 4 uM l-norepineph-
rine caused a half-maximal increase in
cyclic AMP levels. No effect of lesioning
was observed on the maximal level of
cyclic AMP attainable with 100 um /-nor-
epinephrine. Cocaine (100 uM) caused a
lowering of the apparent K, for /-norepi-
nephrine from 30 uM to 4 uM in slices
prepared from the control side, but had no
effect on the apparent K, of 4 um for /-
norepinephrine in slices from the lesioned
side (data not shown).

DISCUSSION

A variety of studies have indicated that
lesions of the nigro-neostriatal pathway
cause supersensitivity of the dopaminergic
system in the caudate nucleus. This con-
clusion is based primarily on behavioral
(17-20) and electrophysiological (7) studies
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F1G. 4. Effect of various concentrations of l-nor-
epinephrine on cyclic AMP content of slices of cau-
date nucleus from control (®) and lesioned (O) sides
of rats which had received unilateral electrothermic
lesions in the nigro-neostriatal pathway 10 days ear-
lier

Cyclic AMP levels were calculated as a percent-
age of the basal level of cyclic AMP observed in the
absence of added /-norepinephrine and are expressed
as means + standard errors for 16 samples. Basal
levels of cyclic AMP were 13.3 + 0.9 and 13.4 + 0.8
pmoles/mg of protein on the control and lesioned
sides, respectively.

of the effects of exogenously administered
dopamine or dopaminergic agonists. In the
present studies, experiments were per-
formed to test whether this functional su-
persensitivity might be reflected in a
change in the cyclic AMP system in the
caudate nucleus. Such a functional super-
sensitivity could be due to one or more of
the following mechanisms: (a) an increase
in the affinity for dopamine of the postsyn-
aptic dopamine receptors; (b) an increase
in the number of postsynaptic dopamine
receptors; (c) an increase in the ability of
the agonist to reach the receptors as a
result of the destruction of presynaptic
nerve terminals; or (d) an alteration at a
point subsequent to receptor stimulation,
e.g., a decrease in phosphodiesterase ac-
tivity or an increase in cyclic AMP-de-
pendent protein phosphorylation.

KRUEGER ET AL.

In the present studies it was found that
lesions in the nigro-neostriatal pathway
resulted in a decrease in the concentration
of dopamine required to cause a half-maxi-
mal increase in cyclic AMP formation in
slices prepared from the caudate nucleus
on the lesioned side. Moreover, the concen-
tration of dopamine causing a half-maxi-
mal increase in cyclic AMP formation in
slices prepared from denervated caudate
nucleus was similar to the corresponding
value in homogenates of both normal and
denervated caudate nucleus. These obser-
vations are compatible with any of the
following interpretations. If it is assumed
that the properties of the dopamine-sensi-
tive adenylate cyclase studied in the pres-
ent investigation were not affected by ho-
mogenization, then the increased ability of
dopamine to stimulate cyclic AMP forma-
tion in slices (Figs. 1 and 2), but not in
homogenates (Fig. 3), of caudate nucleus
following denervation suggests that the
supersensitivity observed in behavioral
and electrophysiological studies need not
be due to an increased sensitivity or an
increased number of postsynaptic dopa-
mine receptors. Rather, the results would
suggest that lesions of the nigro-neostria-
tal pathway and the resulting destruction
of presynaptic dopaminergic nerve termi-
nals may result in an increased accessibil-
ity of postsynaptic receptors to exoge-
nously applied dopamine. This may be due
to the lesion-induced destruction of pre-
synaptic catecholamine uptake sites.
[However, both cocaine (10-1000 M) and
benztropine (1-100 uM), potent inhibitors
of dopamine uptake (45), were unable to
potentiate the stimulation by dopamine of
cyclic AMP formation (22).7] Another con-
ceivable “presynaptic” explanation for the
present results, but one for which there is
no precedent or direct experimental evi-
dence, is that the destruction of presynap-
tic dopamine-containing nerve endings,
produced by denervation, results in the
elimination of a structural barrier which
in normal slices limits the rate of diffusion
of exogenous dopamine to the postsynaptic
receptors. The removal either of presynap-

7 B. K. Krueger and P. Greengard, unpublished
observations.



DENERVATION AND CYCLIC AMP FORMATION IN CAUDATE NUCLEUS

tic neuronal uptake sites or of such a struc-
tural barrier, during homogenization un-
der hypotonic conditions, could explain the
observation that lesions in the nigro-neo-
striatal pathway do not result in an in-
crease in dopamine-sensitive adenylate cy-
clase activity in homogenates. Alterna-
tively, the present results can also be ex-
plained if it is assumed that denervation
causes an increase in the sensitivity to
dopamine of the adenylate cyclase in the
postsynaptic membrane and that this ef-
fect is mimicked by homogenization in a
hypotonic medium.

The l-isoproterenol-induced increase in
cyclic AMP and most of the /-norepineph-
rine-induced increase in cyclic AMP are
mediated through activation of beta adre-
nergic receptors (22). Unfortunately, al-
most no information exists about either
the cellular localization or the physiologi-
cal role of beta adrenergic receptors in the
caudate nucleus. Therefore it would be
premature to attempt to interpret the I-
norepinephrine data obtained in the pres-
ent study, which indicate that lesions of
the nigro-neostriatal pathway cause an in-
crease in the sensitivity of the cyclic AMP-
generating system to this catecholamine
(Fig. 4).

The results of the present study suggest
that denervation supersensitivity, as indi-
cated by apomorphine-induced contralat-
eral circling, may be due to destruction of
presynaptic dopamine-containing nerve
terminals. Other mvestlgators have re-
ported that either lesions in the nigro-neo-
striatal pathway (35) or prolonged neuro-
leptic treatment (46) can cause an increase
of dopamine-sensitive adenylate cyclase
activity in the caudate nucleus.® It would
appear, therefore, that modifications of
either pre- or postsynaptic elements, or
both, may, depending on the experimental
conditions, contribute to functional super-
sensitivity of the nigro-neostriatal system.

8 The present results, which fail to show an effect
of denervation on dopamine-sensitive adenylate cy-
clase activity in homogenates of caudate nucleus,
and similar results obtained by others® (36), appear
to be in conflict with the results of Mishra et al. (35).
A collaborative study is in progress with Dr. M. H.
Makman in an effort to clarify the basis for the
differences in results.
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Denervation supersensitivity, as indi-
cated by apomorphine-induced contralat-
eral circling, develops rapidly after place-
ment of lesions, being detectable within 3
days and reaching a maximal level within
20 days (17, 19). Similarly, as found in the
present study, the increased ability of sub-
maximal concentrations of dopamine to
stimulate cyclic AMP formation in slices of
caudate nucleus is detectable within 3
days and is maximal within 10-15 days
after placement of lesions in the nigro-
neostriatal pathway. Thus this increased
sensitivity to dopamine observed in slices
may be a meaningful biochemical corre-
late of the denervation supersensitivity ob-
served in vivo. Finally, the demonstration
that the increase in dopamine receptor
sensitivity, as indicated by contralateral
circling, is associated with an increased
sensitivity of the cyclic AMP-generating
system provides further support for the
hypothesis (25) that cyclic AMP mediates
the postsynaptic actions of dopamine in
the caudate nucleus.
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