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SUMMARY
SporRN, JONATHAN R., WoLFE, BARrRY B., HArRDEN, T. KENDALL & MOLINOFF,
Perry B. (1977) Supersensitivity in rat cerebral cortex: pre- and postsynaptic
effects of 6-hydroxydopamine at noradrenergic synapses. Mol. Pharmacol., 13,
1170-1180.

The intraventricular administration of 6-hydroxydopamine resulted in the destruction
of noradrenergic nerve terminals in the rat cerebral cortex and a 90% decrease in
norepinephrine content. The time courses of the effects of this treatment on catechola-
mine-stimulated cyclic 3',5'-AMP accumulation in slices of cerebral cortex and on beta
adrenergic receptors were determined to investigate the mechanisms underlying
supersensitivity in this system. The EC;, for norepinephrine stimulation of cyclic AMP
accumulation decreased following 6-hydroxydopamine administration. This decrease
was apparent within 1 day and was probably due to the loss of the presynaptic uptake
system for norepinephrine. The density of beta adrenergic receptors, as determined by
measuring the binding of the high-affinity beta adrenergic receptor antagonist
[**I]iodohydroxybenzylpindolol, and maximal levels of catecholamine-stimulated cyclic
AMP accumulation increased with a slower time course, reaching peak levels approxi-
mately 16 days after treatment with 6-hydroxydopamine. The maximal increase in the
density of beta adrenergic receptors was 50%, while maximal levels of cyclic AMP
accumulation in treated rats were approximately twice those measured in control
animals. The K, of ['*I]iodohydroxybenzylpindolol for beta adrenergic receptors and
the EC;, of isoproterenol for stimulation of cyclic AMP accumulation were unchanged
following 6-hydroxydopamine administration, suggesting that the intrinsic properties
of the postsynaptic receptor were not affected by denervation. The administration of 6-
hydroxydopamine did not affect fluoride-sensitive adenylate cyclase activity. The
results are consistent with the idea that the supersensitivity to catecholamines that
occurs in the cerebral cortex following 6-hydroxydopamine administration had both
pre- and postsynaptic components. The slowly developing postsynaptic component can
be at least partially explained by an increase in the density of beta adrenergic receptors.
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DENERVATION SUPERSENSITIVITY IN RAT CEREBRAL CORTEX

an appropriate transmitter (1). The most
detailed investigation of this phenomenon
has involved studies of the vertebrate neu-
romuscular junction (2, 3), but the phe-
nomenon has also been observed in elec-
trophysiological studies of the cardiac gan-
glion of the mud puppy (4) and of parasym-
pathetic ganglion cells in frog heart (5).
Behavioral studies (6) and biochemical in-
vestigations carried out with preparations
of the mammalian central nervous system
(7-11) and of dog heart (12) have also
provided support for the idea that dener-
vation supersensitivity is a widespread
phenomenon.

A variety of cellular mechanisms have
been shown to be involved in the supersen-
sitivity that occurs following denervation.
Studies of vertebrate skeletal muscle have
shown that the increase in sensitivity in-
volves a change in the number and distri-
bution of receptors (13, 14). In addition to
an increase in the sensitivity of the tissue
to acetylcholine and in the number of
receptors, there is a marked loss of acetyl-
cholinesterase activity (15, 16). On the
other hand, a decrease in the resting mem-
brane potential and a consequent increase
in excitability have been reported in stud-
ies of postjunctional supersensitivity in
the guinea pig vas deferens as well as in
other preparations of smooth muscle (17,
18).

Denervation of adrenergically inner-
vated tissues leads to a supersensitive re-
sponse to exogenously applied catechol-
amines (19). This phenomenon, which has
been extensively characterized in the pe-
ripheral sympathetic nervous system, in-
cludes at least two components. First, the
loss of the presynaptic nerve terminal and
its associated uptake system (20) results
in a decreased capacity to inactivate cate-
cholamines and in an increased concentra-
tion of amine at the postsynaptic receptor
site. The pharmacological result of this
alteration is a shift to the left of the dose-
response curve for norepinephrine. The
second phenomenon that occurs following
denervation of sympathetically innervated
organs develops with a slower time course
and appears to reflect alterations at the
level of the postsynaptic cell.

The intraventricular administration of
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6-OHDA* results in the selective destruc-
tion of norepinephrine- and dopamine-con-
taining nerve terminals in the central
nervous system (see ref. 21). Thus 6-
OHDA is a useful agent for investigating
the influence of presynaptic noradrenergic
input on the properties of postsynaptic
neurons. An increase in cyclic 3',5'-AMP
production in the cerebral cortex of rats in
response to catecholamines has been de-
scribed following the administration of 6-
OHDA (9-11). This increased responsive-
ness had both presynaptic and postsyn-
aptic components. The potency of norepi-
nephrine for the stimulation of cyclic AMP
synthesis increased rapidly in parallel
with the loss of presynaptic endings and
the associated system for the reuptake of
norepinephrine. In addition, a slowly de-
veloping increase in the accumulation of
cyclic AMP occurred in response to maxi-
mally effective concentrations of catechol-
amines.

Recently, beta adrenergic receptors have
been directly identified in membrane frac-
tions from the mammalian cerebral cor-
tex, using radiolabeled antagonists (22-
25). Thus, it is now possible to measure
several of the components of the beta ad-
renergic receptor-adenylate cyclase sys-
tem. In the present report, experiments
are described that define the temporal
relationship between the loss of presynap-
tic nerve terminals, changes in the cate-
cholamine-responsive cyclic AMP-gener-
ating system, and the density of beta ad-
renergic receptors. On the basis of results
obtained in preliminary experiments, we
have recently suggested (26) that an in-
creased density of beta adrenergic recep-
tors in the cerebral cortices of rats treated
with 6-OHDA contributes to the increased
cyclic AMP accumulation observed in re-
sponse to a maximally stimulating concen-
tration of isoproterenol. However, to dem-
onstrate clearly that the increases in re-
ceptor density are related to the increased
biochemical response, the time course of
the increase in beta receptor concentration
must be correlated with the time course of
the increased maximal cyclic AMP accu-

* The abbreviations used are: 6-OHDA, 6-hydrox-
ydopamine; IHYP, ['*Iliodohydroxybenzylpindolol.
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mulation, and not with other phenomena
that occur in this system as a consequence
of treatment with 6-OHDA.

METHODS

Animals and tissue preparation. Male
Sprague-Dawley rats (5-6 weeks old) from
a colony maintained in our animal care
facility were injected intraventricularly
(27, 28) on each of 2 successive days with
200 ug (free base) of 6-OHDA dissolved in
20 ul of 0.9% sodium chloride. A burr hole
was made 2.5 mm caudal and 1.5 mm
lateral to the crossing of the coronal and
sagittal sutures. Drug was injected
through a 26-gauge needle 3.5-4 mm be-
neath the surface of the cranium. Sodium
ascorbate (1 mg/ml, pH 5) was added to
prevent oxidation of the 6-OHDA. Rats
were killed by decapitation at various
times from 1 to 30 days after the first
injection. The entire cerebral cortex from
each rat was dissected free of midbrain
structures, sliced (1x0.26x0.26 mm) with
a Mcllwain tissue chopper, and resus-
pended in 10 ml of oxygenated (95% O.-
5% CO,) Krebs-Ringer buffer (29, 30). Ali-
quots of each cortex were assayed for cyclic
AMP accumulation in the presence of var-
ious concentrations of norepinephrine or
isoproterenol. A portion of each resus-
pended cortex was homogenized in 15 ml
of 0.32 M sucrose-10 mm Tris, pH 7.5,
using a motor-driven Teflon-glass homog-
enizer. The homogenates were centrifuged
at 20,000 x g for 10 min, and the resulting
pellets were resuspended (200 ml/g of tis-
sue, wet weight) in 0.9% NaCl-10 mm
Tris, pH 7.5, for use in binding studies.

Accumulation of cyclic AMP in tissue
slices. Cyclic AMP accumulation was de-
termined in slices after labeling of ATP
stores with [*H]adenine (29, 30). The slices
were suspended in oxygenated Krebs-
Ringer buffer and incubated in a covered,
shaking water bath at 37° under an atmos-
phere of 95% 0,-5% CO,. After a 20-min
incubation, the slices were sedimented by
centrifugation and resuspended in buffer
containing 2.5 uCi/ml of [*Hladenine (spe-
cific activity, 31.7 Ci/mmol). Slices were
incubated for 30 min, washed three times
by centrifugation, and resuspended in
Krebs-Ringer buffer containing 1 um par-
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gyline, 1 mm sodium ascorbate, and 1 mm
3-isobutyl-1-methylxanthine. Samples (2.5
ml) of resuspended labeled slices were then
incubated for 40 min in the presence of
various concentrations of (-)-norepineph-
rine or (—)-isoproterenol. The reaction was
terminated by the addition of trichloroa-
cetic acid (final concentration, 5%). Cyclic
AMP (0.33 mg) was added as a carrier,
and [*HJATP and [*Hlcyclic AMP were
purified by sequential Dowex and alumina
column chromatography (29). Results are
expressed as the percentage of [*HJATP
converted to [*H]cyclic AMP. In some ex-
periments, half of the sliced tissue was
first incubated with [*H]adenine and
[*Hlcyclic AMP accumulation was deter-
mined as described above. The remaining
half of the tissue was incubated without
[*H)adenine, and then basal and isoproter-
enol-stimulated cyclic AMP accumulation
was measured by the protein binding as-
say of Gilman (31). Comparable results
were obtained by the two methods. The
prior labeling method was routinely em-
ployed because in our laboratory it was
more reproducible than the direct mea-
surement of cyclic AMP levels.

Beta adrenergic receptor assay. Hydrox-
ybenzylpindolol (32) was iodinated, and
IHYP was purified to theoretical specific
activity (2.2 Ci/umole) as previously de-
scribed (33, 34). An aliquot (150 ul) of a
crude membrane preparation (approxi-
mately 60 ug of protein) was incubated
with IHYP and 100 uM phentolamine in
new disposable polypropylene test tubes
(Falcon 2018) in a final volume of 0.250 ml
(23). Phentolamine decreased nonspecific
binding [defined here as binding in the
presence of 0.3 uM (*)-propranolol] with-
out affecting specific binding [defined as
the difference between total binding and
nonspecific binding (23)]. Specific binding
typically represented 75-85% of total bind-
ing. Samples were incubated for 30 min at
37°. To terminate the reaction, 10 ml of
0.9% NaCl, 10 mm Tris, pH 7.5, were
added to each assay tube and the samples
were rapidly filtered using Gelman type
AE glass fiber filters. Each filter was
washed with an additional 10 ml of buffer
at 37°. Radioactivity was determined by
liquid scintillation spectrometry at an ef-
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ficiency for ‘I of approximately 70% (34).

The K, and density of binding sites for
IHYP were determined by measuring the
amount of IHYP bound at different con-
centrations of ligand ranging from 38 to
450 pM. The data were then analyzed as
described by Scatchard (35). The K, of
THYP is not affected by treatment with 6-
OHDA (26), and it is therefore possible to
quantitate the effect of 6-OHDA by deter-
mining the amount of IHYP bound at an
arbitrary concentration of ligand. In prac-
tice, experiments were carried out at a
concentration of IHYP of 0.1 nM, which is
approximately equal to its K. The effect
of 6-OHDA is shown in absolute terms
(Fig. 2) when complete saturation curves
were obtained, and as percentage change
when only a single concentration of IHYP
was used (Fig. 1B).

In previous experiments (26) the density
of binding sites and the K, of IHYP were
determined by adding varying amounts of
IHYP of low specific activity (100-200 Ci/
mole) to a constant amount of IHYP of
high specific activity (2.2 Ci/umole) and
then analyzing thz data by the method of
Scatchard (35). The low-specific-activity
IHYP was purified using high-perform-
ance liquid chromatography (34). IHYP
was eluted from a micro C-18 column (36-
inch) in a single peak with a retention
time of 15 min. The high-specific-activity
ligand was purified by paper chromatog-
raphy (33, 34).

In spite of the fact that the low-specific-
activity IHYP eluted from the liquid chro-
matography column as a single peak, it
was discovered during the course of recent
studies that IHYP was partially inacti-
vated by the column procedure. Thus,
Scatchard analysis carried out using low-
specific-activity IHYP gave erroneously
high values for the K, of IHYP and for
the density of beta adrenergic receptors
(23, 26). The values determined with high-
specific-activity ligand were 5-10 times
lower than those determined with low-spe-
cific-activity ligand. Despite the quantita-
tive error introduced by the partial inacti-
vation of the low-specific-activity IHYP,
the results obtained with the two methods
are qualitatively identical. Specifically,
the increase in receptor density previously
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observed with low-specific-activity IHYP
has been confirmed in the current study
with high-specific-activity IHYP. All val-
ues for the K, of IHYP and for the density
of binding sites reported in this communi-
cation were determined using only high-
specific-activity IHYP.

Additional methods. Adenylate cyclase
activity was determined in the presence of
4 mm NaF by the method of Krishna et al.
(36) as previously described (34). Protein
was determined by the method of Lowry
et al. (37), using bovine serum albumin as
a standard. Norepinephrine levels were
determined in homogenates by the method
of Coyle and Henry (38) as modified by
Nelson and Molinoff (39).

Materials. Hydroxybenzylpindolol was
a gift from Dr. D. Hauser, Sandoz Phar-
maceuticals. Regis Chemical Corporation
was the source of 6-hydroxydopamine hy-
drobromide. Phentolamine mesylate was
obtained from Ciba, and (+)-propranolol,
from Ayerst. [3H]Adenine, [*Hlcyclic
AMP, and Na'*I were obtained from New
England Nuclear. Pargyline was a gift
from Dr. R. E. Singiser, Abbott Laborato-
ries. (—)-norepinephrine HCl, cyclic AMP,
ATP, (-)-isoproterenol (+)-bitartrate, and
protein kinase (beef heart) were obtained
from Sigma; crystalline bovine serum al-
bumin and ascorbic acid, from Baker
Chemical Company; and 3-isobutyl-1-
methylxanthine, from Aldrich Chemical
Company.

RESULTS

Norepinephrine levels. Twenty-four
hours following an intraventricular injec-
tion of 6-OHDA, there was a 50% decrease
in the norepinephrine content of the rat
cerebral cortex (Fig. 1A). Norepinephrine
levels fell to approximately 30% of control
values 48 hr after the first of two injec-
tions. There were small additional de-
creases after the first 48 hr, until, 30 days
following 6-OHDA administration the con-
tent in the cortex was less than 10% of
that in control animals. The depletion of
norepinephrine reflects the rapid destruc-
tion of norepinephrine-containing nerve
endings in the cerebral cortex following 6-
OHDA administration (21).

Binding of IHYP to beta adrenergic
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Fic. 1. Time course of effect of 6-OHDA treat-
ment on norepinephrine (NE) levels and density of
beta adrenergic receptors in rat cerebral cortex

A. Rats were injected intraventricularly with 200
ug (free base) of 6-OHDA on each of 2 successive
days, and norepinephrine levels were measured at
various times after the first injection. Results are
expressed as nanograms of norepinephrine per gram
of tissue, wet weight. Each point is the mean =+
standard error of 6-27 animals.

B. The densities of IHYP binding sites were
determined at various times after the first 6-OHDA
injection and are expressed as a percentage of bind-
ing in control cortices in the same experiments.
The amount of IHYP specifically bound (in femto-
moles per milligram of protein) was measured at a
concentration of IHYP approximately equal to its
K, (actual concentrations used varied from 110 to
190 pM). Control values ranged from 21.4 = 0.6 to
44.1 + 1.3 fmoles/mg of protein. The data represent
eight separate experiments, each of which included
sham-treated rats. Each experimental point repre-
sents the mean + standard error of values from 6-
33 animals.

receptors. We have previously shown (23)
that the binding of IHYP to particulate
fractions of rat cerebral cortex has proper-
ties similar to those which would be ex-
pected of binding to beta adrenergic recep-
tors in vitro. The binding is saturable,
reversible, of high affinity, and is stereo-
specifically inhibited by beta adrenergic
receptor ligands (23).

The amount of IHYP bound was deter-
mined in cortices of control and 6-OHDA-
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treated animals at various concentrations
of IHYP (Fig. 2). The administration of 6-
OHDA led to an increase in the amount of
IHYP bound. The same data were ana-
lyzed by the method of Scatchard (35) (Fig.
2, inset). The results are consistent with
the existence of only a single class of high-
affinity binding site. The slopes of the
lines show that the K, of IHYP is the
same in control and treated animals. In
the experiments shown in Fig. 2 the den-
sity of sites was increased by 50%.

In typical experiments the amount of
specifically bound IHYP (in femtomoles
per milligram of protein) was measured at
a ligand concentration approximately
equal to the K, of IHYP (0.1 nM) in mem-
brane preparations from cortices of control
rats and rats that had been treated with
6-OHDA. The concentration of beta adre-
nergic receptors in the cerebral cortices of
treated animals was not significantly dif-
ferent from that in sham-treated controls
1 or 2 days following treatment with 6-
OHDA (Fig. 1B). Receptor density in-
creased on subsequent days, reaching a
maximal level of approximately 150% of
control values after 16 days. The effect of
6-OHDA persisted for at least 100 days
(data not shown). The increases seen at 4
days and at all subsequent times were
highly significant (p < .01) when com-
pared with controls according to Dunnett’s
multiple-comparison test for comparing
several experimental values with a single
control group (40). Combined results ob-
tained in 10 separate experiments are
shown in Fig. 1B. Each experiment in-
cluded sham-treated controls and rats that
had been treated 1-30 days earlier. Be-
cause of variations in the concentration of
IHYP used in each assay (110-190, pm),
the density of beta adrenergic receptors
measured in control (sham-treated) groups
varied from experiment to experiment
(21.4-44.1 fmoles/mg of protein). The data
from treated animals are expressed as a
percentage of the mean density measured
in cortices from groups of control animals
that were assayed on the same day. This
means of expressing the data was neces-
sary because of the small changes that
were observed. Complete time course stud-
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F1c. 2. Saturation of IHYP binding sites in membranes from cortices of control and 6-ODHA-treated rats

The amount of IHYP specifically bound (in femtomoles per milligram of protein) on the ordinate is
plotted against the nanomolar concentration of IHYP on the abscissa. Each point represents the mean +
standard error of separate saturation curves determined in duplicate on membrane fractions from six
sham-treated (®) or 6-OHDA-treated (O) rats 16 days after the first of two injections. The inset shows the
same data plotted by the method of Scatchard (35). The abscissa is the amount of IHYP specifically bound
(in femtomoles per milligram), and the ordinate (in units of 10~* liters/mg) is the amount of bound IHYP
divided by the concentration of free IHYP. The K, values determined from the slopes of the lines are 102
pM for control and 107 pm for 6-OHDA-treated rats. The intercepts on the abscissa give values for the
maximum number of binding sites. In this experiment there were 59.7 fmoles of IHYP binding sites per
milligram of protein in membranes from controls and 89.7 fmoles/mg in membranes from 6-OHDA-treated

rats.

ies were carried out (days 1-11) on three
separate occasions, yielding qualitatively
identical results. In these experiments the
density of receptors was either unchanged
or slightly increased on days 1 and 2.
There were significant increases in density
only on day 4 and thereafter.

Cyclic AMP accumulation in brain
slices. Cyclic AMP accumulation was de-
termined by the pre-labeling technique of
Shimizu et al. (30) and by the protein
binding assay of Gilman (31). Similar re-
sults were obtained with both assays (Fig.
3). With either assay cyclic AMP accumu-
lation, measured in the presence of 30 um
(—)-isoproterenol, was greater in slices
from 6-OHDA-treated animals than from
control animals.

The accumulation of cyclic AMP in the
presence of norepinephrine was measured
in slices of cerebral cortex (Fig. 4). The

alpha adrenergic receptor antagonist
phenotlamine (3 uM) was included in these
incubations so that only beta adrenergic
receptor-mediated synthesis of cyclic AMP
would be measured. Brain slices prepared
from animals that had been treated with
6-OHDA showed a 1.5-fold increase in the
amount of cyclic AMP synthesized in the
presence of a maximally effective concen-
tration of norepinephrine 4 days after the
first injection of 6-OHDA. The maximal
increase in cyclic AMP accumulation was
approximately 2-fold (Fig. 4). An increase
in the potency of norepinephrine for stim-
ulation of cyclic AMP accumulation also
occurred following treatment with 6-
OHDA (Fig. 4). This change displayed a
more rapid time course than did the en-
hanced response to a maximally effective
concentration of norepinephrine. In con-
trol animals, the concentration of norepi-



1176

SPORN ET AL.

¢| 6-oHDA

%o CONVERSION (3H-ATP —s 3H-cAMP) D
(-]

777,

CONTROL :[
—1-
3 -4 100
Z
BASAL ISOPROTERENOL °
—I-

- 200

100

PMOLES cAMP/mg PROTEIN

DO

BASAL

ISOPROTERENOL

Fi1c. 3. Accumulation of cyclic AMP in slices from cerebral cortices of sham-treated rats or rats treated

with 6-OHDA

Rats received the first injection 8 days prior to being killed. Cyclic AMP accumulation was measured
(see METHODS) as the percentage of [PHJATP converted to cyclic [*HJAMP (open bars) or as picomoles of
cyclic AMP per milligram of protein (hatched bars). Each bar represents the mean * standard error of

determinations on six animals.
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Fi1c. 4. Effect of 6-OHDA on norepinephrine-
stimulated cyclic AMP accumulation in slices of rat
cerebral cortex

The accumulation of cyclic AMP in response to
various concentrations of norepinephrine (NE) was
measured after labeling of tissue ATP pools with
[*H]adenine. Rats were treated with 6-OHDA as
described in METHODS 1, 2, 4, or 11 days prior to
being killed, and the data for each individual rat
were plotted as described by Eadie (41) and Hofstee
(42), yielding values for EC,, and maximal percent-
age conversion. Each point represents the mean *
standard error of values from three or four rats.

nephrine producing a half-maximal in-
crease in cyclic AMP production was 2.6
uM. The EC;, for cyclic AMP synthesis
was 1.6 uM 1 day after the first injection
of 6-OHDA and appeared to reach a mini-
mal value of approximately 0.5 um by 11
days after the first injection of 6-OHDA.
The time course of the change in the EC;,
for norepinephrine was similar to that
observed for the depletion of norepineph-
rine levels following 6-OHDA treatment
(Fig. 1A). The observed loss of endogenous
norepinephrine reflects the destruction of
noradrenergic terminals, and it is likely
that the increased potency of norepineph-
rine is a consequence of the loss of the
uptake system for norepinephrine that is
associated with presynaptic noradrenergic
terminals.

Cyclic AMP accumulation in response
to a maximally effective concentration (30
uM) of (—)-isoproterenol also increased fol-
lowing 6-OHDA treatment (Fig. 5). This
increase followed a time course similar to
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F16. 5. Time course of effect of 6-OHDA on cyclic AMP accumulation in slices of rat cerebral cortex in the

presence of a maximally stimulating concentration of (—

»-isoproterenol

Rats were treated as described in MeTHODS 1-30 days prior to being killed, and cyclic AMP accumulation
was measured. The percentage conversion of [PHJATP to cyclic [*HJAMP in the presence of 30 um
isoproterenol (®) and in the presence of 30 uM isoproterenol minus the basal percentage conversion (O) is
shown. The inset shows the effect of 6-OHDA treatment on basal cyclic AMP accumulation. Each point in
the figure and inset represents the mean + standard error of 13 or 14 animals.

that of the increased cyclic AMP accumu-
lation that occurred in response to a max-
imally effective concentration of norepi-
nephrine (Fig. 4) and to the increase in
the density of beta adrenergic receptors
(Fig. 1B). Isoproterenol has a low affinity
for the presynaptic uptake system (43),
and the EC;, value of isoproterenol was
not changed by treatment with 6-OHDA.

Basal levels of cyclic AMP accumulation
as determined by the pre-labeling assay
were consistently greater than control val-
ues at times longer than 2 days after the
administration of 6-OHDA (Fig. 5, inset).
Experiments were performed to determine
whether 6-OHDA administration led to
changes in the amount of adenylate cy-
clase present in the cerebral cortex. The
synthesis of cyclic AMP in the presence of
4 mMm NaF was determined in a resus-
pended membrane pellet obtained by cen-
trifugation at 20,000 x g for 10 min. Fluo-
ride-sensitve adenylate cyclase activity
(picomoles per milligram of protein per
minute) was 329 + 6 in control animals,
318 + 7 in rats 4 days after the first 6-
OHDA injection, and 323 + 6 in rats 10
days after 6-OHDA (N = 12 for each
group). The increases in basal and cate-
cholamine-stimulated levels of cyclic AMP
accumulation therefore do not appear to

reflect an increase in total adenylate cy-
clase activity.

DISCUSSION

The catecholamine-responsive cyclic
AMP-generating system is affected in a
number of tissues by alterations of the
normal neuronal input. Thus, reduction
of norepinephrine stores following the ad-
ministration of reserpine (44-46), chemical
sympathectomy with 6-OHDA (9-11), or
denervation of adrenergically innervated
tissues (7, 12) resulted in enhanced synthe-
sis of cyclic AMP in response to maximally
effective concentrations of catecholamines.
The molecular mechanisms responsible for
these increases in cyclic AMP synthesis
have not been completely defined. Recent
reports from this and other laboratories
have suggested that changes in the den-
sity of beta adrenergic receptors are some-
times involved in regulating the accumu-
lation of cyclic AMP induced by adrenergic
agonists (26, 47-50). For example, an in-
crease in the density of beta adrenergic
receptors was found to occur along with
the enhanced response to maximally effec-
tive concentrations of isoproterenol that is
observed in the rat cerebral cortex 1 week
after the intraventricular administration
of 6-OHDA (26). In the present study the
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roles of pre- and postsynaptic elements of
6-OHDA-induced supersensitivity and the
relationship between receptor concentra-
tion and postsynaptic responsiveness have
been assessed by defining the temporal
sequence of the loss of presynaptic nerve
terminals and of the development of
changes in beta adrenergic receptors and
catecholamine-stimulated cyclic AMP ac-
cumulation.

Following treatment with 6-OHDA, nor-
epinephrine content decreased to 50% of
control levels within 24 hr and to 30%
after 48 hr (Fig. 1A). The EC;, for norepi-
nephrine-induced cyclic AMP accumula-
tion decreased with a similar time course
(Fig. 4). Thus 1 day after 6-OHDA admin-
istration the EC;, for cyclic AMP synthesis
was 62% of that seen in control animals.
The similarity in time courses of the de-
crease in norepinephrine levels and the
decrease in the EC, for norepinephrine-
stimulated cyclic AMP synthesis is con-
sistent with the idea that it is the loss of
the uptake system for norepinephrine that
is primarily responsible for the change in
the apparent affinity of norepinephrine for
the stimulation of cyclic AMP synthesis.
Kalisker et al. (10) reached the same con-
clusion in studies of the effect of cocaine
on the ECy value of norepinephrine for
cyclic AMP synthesis following the admin-
istration of 6-OHDA to rats. In the present
studies no change in the potency of (-)-
isoproterenol was observed in slices from
treated rats. This result can be explained
by the fact that isoproterenol is a poor
substrate for the uptake system (43).

Following the intraventricular adminis-
tration of 6-OHDA, there is an increase in
the amount of cyclic AMP that accumu-
lates in response to a maximally effective
concentration of either isoproterenol or
norepinephrine. The enhanced response
occurred following a 2-3-day lag, in con-
trast to the rapid decrease in norepineph-
rine levels and the EC;, for norepineph-
rine stimulation of cyclic AMP accumula-
tion. The biochemical basis for the en-
hanced response of the postsynaptic beta
adrenergic receptor-adenylate cyclase sys-
tem was investigated by following the
time course of the changes in several indi-
vidual constituents of this system. Basal
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levels . of the conversion of [CH]JATP to
cyclic [PHJAMP were consistently in-
creased after 6-OHDA administration.
This increase followed a time course simi-
lar to that of the increase in isoproterenol-
and norepinephrine-stimulated cyclic AMP
accumulation. When basal levels of endog-
enous cyclic AMP were determined using
a protein binding assay, a small increase
was seen in some but not all experiments
following treatment with 6-OHDA. On the
other hand, Kalisker et al. (10) and Huang
et al. (11) have reported that following the
intraventricular administration of 6-OHDA
there was no change in the basal level of
conversion of [*HJATP to cyclic [FHJAMP
in slices of cerebral cortex. The difference
from our results may be due to the routine
use of a phosphodiesterase inhibitor in the
current studies. We have previously sug-
gested that the increase in basal levels of
cyclic AMP accumulation might be due to
an increase in the amount of adenylate
cyclase activity (26). However, fluoride-
stimulated enzyme activity was un-
changed in homogenates following treat-
ment with 6-OHDA. Thus it is unlikely
that a significant increase in total adenyl-
ate cyclase occurred as a consequence of 6-
OHDA administration.

There are several factors that compli-
cate the interpretation of studies of adre-
nergic receptors in the mammalian central
nervous system. Beta adrenergic receptors
may be associated with glia as well as
with neurons (51-53). Although it is possi-
ble that the drug has effects on glia, it is
more likely that the observed changes are
due to effects of 6-OHDA on neurons. Ra-
dioautographic or histofluorescent (54)
techniques may allow an analysis of the
cellular distribution of the increase in the
density of beta adrenergic receptors after
6-OHDA treatment. Second, stimulation
of alpha adrenergic receptors as well as
beta adrenergic receptors leads to an in-
crease in cyclic AMP synthesis in the
brain. This factor is unlikely to complicate
the results of this study, because IHYP
and isoproterenol interact specifically with
beta adrenergic receptors.

We have previously reported that 6-
OHDA treatment does not affect the affin-
ity of IHYP for beta adrenergic receptors
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in rat cerebral cortex (26). On the other
hand, a significant increase was found in
the density of beta adrenergic receptors 8
days following treatment with 6-OHDA
(26). The time course of this increase (Fig.
1B) was similar to the time course of the
increase in cyclic AMP production in re-
sponse to maximally effective concentra-
tions of isoproterenol or norepinephrine
(Figs. 4 and 5). However, the magnitude
of the increase in cyclic AMP accumula-
tion was substantially greater than the
increase in receptor density. This differ-
ence could be attributable to the fact that
binding studies are carried out with mem-
branes prepared from homogenates while
cyclic AMP accumulation is determined
in slices. We have previously (26) tried to
quantitate IHYP binding in slices, but the
low percentage of specific binding (30-50%)
would make it difficult to detect changes
of the magnitude observed in the current
studies. On the other hand, hormone-sen-
sitive adenylate cyclase activity is difficult
to measure in cell-free preparations of
brain tissue (55).

One simple explanation of the difference
in magnitude of the increases is that fac-
tors in addition to changes in beta adrener-
gic receptor density and the loss of presyn-
aptic terminals affect the regulation of the
responsiveness of this system. For exam-
ple, there was no change in adenylate
cyclase activity, but an increase in a small
but functionally important pool of adenyl-
ate cyclase molecules could contribute to
this enhanced responsiveness. In view of
the difference in the tissue preparations
used, a definitive conclusion cannot be
drawn at this time.

In a parallel study the effects of dener-
vation have been investigated in the rat
cerebral cortex during ontogeny (56). After
treatment of neonatal rats with 6-OHDA,
a 45-75% increase in cyclic AMP accumu-
lation and a 40-60% increase in the density
of beta adrenergic receptors were ob-
served. These increases were apparent as
early as postnatal day 6. Although the
administration of 6-OHDA to newborn
rats led to an increase in receptor density,
there was no change in the time course of
development of receptors. As in the pres-
ent studies, there was no change in fluo-
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ride-sensitive cyclase activity.

Kalisker et al. (10) reported that phos-
phodiesterase activity increased by ap-
proximately 25% following the administra-
tion of 6-OHDA to adult rats. In the pres-
ent experiments, assays of cyclic AMP
accumulation were carried out in the pres-
ence of an inhibitor of phosphodiesterase.
However, a change in degradative capac-
ity could have contributed to the changes
in cyclic AMP accumulation that were
observed.

Significant increases in the density of
beta adrenergic receptors did not occur
until at least 3 days after 6-OHDA admin-
istration, although norepinephrine levels
were markedly reduced within 24 hr. A
half-maximal decrease in norepinephrine
levels was seen at 1 day, whereas a half-
maximal increase in the density of recep-
tors did not occur until 4 days following 6-
OHDA administration. The time course of
the maximal increases in norepinephrine-
and isoproterenol-stimulated cyclic AMP
accumulation was similar to that of the
change in receptor density. This, together
with the long-term nature of the changes,
suggests that a new steady-staic level of
receptors is achieved and that this in-
creased level of receptors contributes to
the increased postsynaptic sensitivity of
the receptor-cyclase system.
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