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of ergots has been demonstrated in the retina (14), the nucleus
accumbens (7), and the pituitary gland (15) . It seems clear from
the multiplicity and diversity of the experiments to date that
the dopamine agonist property of the ergots is real and thera-
peutically important .

How the ergots exert dopamine agonist activity within cells is
not known, although alterations in the concentration of cyclic
AMP may be involved in the mechanism of action of ergots . Methyl-
xanthines enhance the rotational behavior produced by ergocornine
and 2-Br-a-ergocriptin (CB-154) which suggests that inhibition of
cyclic AMP phosphodiesterase can potentiate ergot activities (16) .
That the rotational model involves cyclic AMP was supported by
the fact that apomorphine elevated striatal cyclic AMP levels
while enhancing rotational behavior (17) .

Kebabian et al . (18), proposed that the dopamine receptor and
dopamine sensItive adenylate cyclase in the corpus striatum were
one and the same, suggesting that synthesis of cyclic AMP might
be the common means by which dopamine exerts its effects in
target tissues . Many studies have supported this contention and
have demonstrated that measurement of adenylate cyclase is a
useful means of biochemically characterizing the dopamine agonist
or antagonist activity of compounds (19) . One would assume that
ergots would be active stimulants of striatal adenylate cyclase,
however, at present only LSD has been tested in this system and
its activity was not as expected . Low concentrations of LSD
stimulated cyclic AMP synthesis, but never to the extent that
dopamine stimulated activity; and higher concentrations of LSD
inhibited dopamine-stimulated cyclic AMP synthesis (20) .

The present studies were undertaken to explore the effects of
several structurally different ergot-like compounds on -adenylate
cyclase of the corpus striatum and pituitary gland, two tissues
where ergots exert marked dopamine-like effects both in vivo and
in vitro .

Methods and Materials

Adenylate cyclase activity was assayed in homogenates of pitui-
tary glands or brain areas by monitoring the conversion ofa2P-a-ATP to 32P-cyclic AMP . Purification of cyclic AMP was
accomplished through sequential chromatography using neutral
alumina and Dowex 1 . Male Wistar rats (250-300 gms) were sacri-
ficed by decapitation, and the brains or pituitary glands were
removed and rinsed in cold Krebs-Ringer buffer and the corpus
striatum was dissected.

	

Tissues from 3-4 rats were pooled prior
to homogenization in 15 volumes of 50 mM TES, 2 mM EGTA buffer,
pH 7 .4 . A 25 ul aliquot of homogenate (200 ugm protein) was
incubated with the following components, shown at final concen
trations :

	

80 mM TES-HC1 buffer, pH 7 .4 ; 2 MM MgS0a ; 0 .5 mM
isobutyl-methylxanthine ; 20 mM creatine phósphatei 10 units of
creatine kinase ; 0 .2 mM EGTA; and 0.5 mM 32P-a-ATP containing
approximately 10 6 cpm/tube . All compounds were prepared imme-
diately before use in 0 .18 ascorbic acid . Some antagonists were
dissolved in 1 mM HCl .

	

In all cases vehicle controls were
included in the same incubations . The reaction .was started by
adding the freshly prepared homogenate, and samples were
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incubated for 3 minutes at 37°C in a shaking water bath . The
reaction was terminated by placing the tubes in a boiling water
bath for 3 min and then transferring to an ice bath . A 1 ml
solution of 3 H-cyclic AMP containing about 1500 cpm was then
added to each tube and the samples centrifuged for 5 min . at
900 x g . The supernatant was decanted and the pellet discarded .

Purification of cyclic AMP was accomplished by passing the . super-
natant through a column of neutral alumina which had previously
been equilibrated with 0 .06 M Tris " HC1, pH 7.4 .

	

The effluent from
the alumina column drained directly onto a 0.6 x 6 cm column of
Dowex 1 (chloride form, washed to neutrality with H20) . The
alumina columns were washed with 5 ml of 0 .6 M Trio buffer, pH 7 .4
and discarded . The Dowex columns were washed with 5 ml of H2O and
1 ml of 0.05 N HC1 and the effluents discarded . Cyclic AMP was
eluted into counting vials with 2 ml 0.05 N HC1.and 15 ml of
toluene-permafluor-Triton X-100 scintillation solution were added .
The samples, along with 3 H-cyclic AMP and 92P-ATP standard, were
counted for 3 H and 32P in a Nuclear Chicago Mark III scintillation
counter.

Cyclic AMP synthesis in intact pituitary glands was determined by
incubating 1/2 glands in Krebs-Ringer buffer containing 2 mg/ml
glucose. Two glands were bisected and incubated in 1 ml buffer
for 30 min. at 37°C at which point fresh warmed medium was added
and the incubation continued for 15 min . Dopamine solutions were
then added, and the reaction was allowed to proceed for 10 min .
The medium was removed and 2 ml of 0 .3 N perchloric acid
containing trace amounts of 9H-cyclic AMP were added to each tube .
The samples were transferred to glass homogenizers and
homogenized. Aliquots were taken for protein determination (21)
and the samples centrifuged for 20 min . at 15,000 x g . The super-
natants were neutralized with 2 M Tris base (pH 8 .2) and chromato-
graphed over alumina and Dowex 1 as previously described . The
cyclic AMP fractions were lyophilized and resuspended in 0 .5 ml of
NaAC buffer, pH 4 .0 . Cyclic AMP concentrations were determined by
the method of Gilman (22) . In both assay systems final values
were corrected for loss of cyclic AMP during chromatography and
purification.

Mistar rats were purchased from Harlan Industries, Indianapolis,
Indiana . Radioactive ATP (7-10 Ci/mmole) was supplied by New
England Nuclear, Boston, Mass ., and 3 H-cyclic AMP (30 Ci/mmole)
was from Amersham-Searle .' TES buffer (N-tris-(hydroxymethyl)
methyl 2-aminoethane sulfonic acid), creatine phosphate, creatine
phosphokinase, ATP, propranolol, phentolamine, ergocristine,
ergonovine, ergotamine, neutral alumina, Dowex-1 (chloride form,
200-400 mesh) and cyclic AMP were purchased from Sigma Chemical Co.
(St. Louis, Mo .) . Aldrich Chemical Company supplied 3-iso-butyl-
1-methylxanthine . Lergotrile (2-chloro-6-methyl-ergoline-80-
acetonitrile) was synthesized by Dr . E . Kornfeld, Lilly Research
Laboratories, Indianapolis, Indiana) . Apomorphine hydrochloride
was provided by Merck Chemical Company .

Results

The present assay of adenylate cyclase involving purification of
end product through alumina and Dowex 1 gives a rapid and accurate
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estimate of enzyme activity . Adsorption of excess 32 P-ATP by
alumina and elution of cyclic AMP from Dowex 1 with HC1 reduces
blank activity significantly while recovery of 32p-cyclic AMP is
greater than 758 . The reaction was linear for at least 10 min .
and proportional to homogenate protein concentration from
0-250 ug protein/tube . Dopamine produced a dose-dependent eleva-
tion of cyclic AMP synthesis with maximal activity (90-1308
increase) seen at 10-"M . The effects of various amine antagonists
on dopamine-stimulated enzyme activities are compared in Table 1 .
The dopamine-induced elevation of cyclic AMP synthesis was inhi-
bited by the dopamine blockers spiroperidol, pimozide and D-buta-
clamol, but not by low concentrations of an alpha blocker
(phentolamine), a beta blocker (propranolol) or the L-form of
butaclamol . Dopamine was significantly more active than norepine-
phrine or epinephrine in increasing activity in striatal homo-
genates and dopamine was inactive in cerebellar homogenates (data
not shown) . These results defining the basic parameters of the
present adenylate cyclase assay are consistent with the literature
with respect to the degree of dopamine stimulation of adenylate
cyclase in homogenates of the striatum and the effects of various
antagonists on dopamine activity in such systems (23,24,25) .
These confirmatory experiments were conducted to validate the
present adenylate cyclase assay system .

TABLE 1

Effect of Antagonists and Ergots on Dopamine-Stimulated
Cyclic AMP Synthesis in Homogenates of Striatum

Values represent the means + S.E .M . of 2-6 determinations .
Tissues were prepared and incubated as indicated in the Methods .
IC 50 values were estimated from graphical representations of the
data using 10-4M dopamine as stimulant .

All ergots were considerably less active than dopamine as stimu-
lants of striatal adenylate cyclase, (Fig . 1) . LSD and ergonovine
were most active, ergocristine was intermediate in activity, and
lergotrile and ergotamine were essentially inactive . When
dopamine and the ergots were added together a significant reduc-
tion in the dopamine stimulation of cyclic AMP synthesis was seen,
(Table 1) . However, neither LSD nor lergotrile (10-6 -10-4M)

Compound ICs o
NM)

8 Effect on Dopamine (10-4M)
of Adenyalte Cyclase in

Stimulation
Striatum

10-6 M 10-SM 10-"M

Propranolol -- + 4 .8 +10.6 + 0 .4
Phenoxybenzamine 90 .0 + 9.1+ 6 .7 +l5.4+ 4 .4 -54.2+12.4
Pimozide 23 .0 -16.1 -41.0 ---
Spiroperidol 3 .3 -22.1 -77 .1 ---
(+)-Butaclamol <1 .0 -78.9+ 5 .0 -82 .3+ 1.8 ---
(-)-Butaclamol -- 0.0 +12.0+ 2 .2 ---
LSD 4 .0 -l3 .8+ 8 .4 -66.2+ 7 .8 -72.2+ 7 .1
Lergotrile 4 .2 -30.5+ 2 .7 -60 .3+ 3 .7 -91.9+ 3 .9
Ergocristine 12 .0 -27 .2+11.1 -46.2+11 .5 -70.2+ 2 .7
Ergonovine 19 .0 -12.0+ 2 .3 -43.0+ 4 .9 -61.8+ 3 .3
Ergotamine 33 .0 -15.9+l1.7 -34.1+ 6 .7 -78.3+16.6
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inhibited the sodium fluoride-activation of adenylate cyclase ,
(data not shown) .

s0Ftr

F

FIG. 1

Effects of Various Ergots on Adenylate Cyclase Activity
in Homogenates of the Striatum

Tissues were prepared and incubated as in Methods . Points repre-
sent the means from 3 separate experiments with duplicate or
triplicate replications within each experiment. Values across
experiments differed by less than 5% . Activity in the absence of
dopamine was 131.9 pmoles cyclic AMP/mg protein/min. and 308.2
pmoles cyclic AMP/mg protein/min . in the presence of 10-4M
dopamine .

Adenylate cyclase activity in homogenates of the pituitary gland
was loafer than in homogenates of the striatum. A comparison of
dopamine and other agents that inhibit the release of prolactin
revealed that none was able to stimulate the synthesis of cyclic
AMP (Table 2) . However, in the same experiment both dopamine and
apanorphine significantly increased - cyclic AMP synthesis in homo-
genates of the corpus striatum.
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TABLE 2

Comparison of Dopamine Agonists on Adenylate Cyclase
in Homogenates of the Pituitary Gland or Striatum

Pituitary Corpus
Gland Striatum

Tissues were prepared and incubated as indicated in the Methods .
Values represent the mean + S.E.M . of three separate tissue
preparations with duplicate replications within each assay .

Discussion

it had been reported that LSD could increase cyclic AMP levels in
striatal homogenates (20,26) by directly stimulating adenylate
cyclase since LSD was not able to inhibit cyclic nucleotide phos-
phodiesterase (27) . Recently Schorderet (14) showed that ergome-
trine, ergoclavine, but not LSD, increased adenylate cyclase
activity of retinal homogenates . These findings supported the
contention that the dopamine agonist activity of ergots was
mediated by an increase in cyclic AMP concentration in target
tissues . We examined a series of structurally diverse ergots in
striatal homogenates and found that not all ergot-like compounds
stimulate adenylate cyclase (Fig . 1) . The most active ergots
were LSD and ergonovine which are lysergic acid amides with small
alkyl chain substitutions . Ergocristine and ergotamine are also
amino acid-type ergots but the substituents on the nitrogen are
large bulky groups and these agents were significantly less active
than LSD . Lergotrile is not an amino acid-type ergot,

	

ssessing
only the basic ergoline nucleus, and this compound was

	

active as
a cyclase stimulant .

The inability of lergotrile to stimulate cyclic AMP synthesis in
striatal homogenates was unexpected since in vivo the compound
behaves like a dopamine agonist .

	

Lergotrilé leases the release
of prolactin (28), produces rotational behavior in lesioned rats
(J . Clemens, personal communication), reduces dopamine turnover in
the brain (29), alleviates tremor activity in tegmental lesioned
monkeys and shows beneficial effects in Parkinsonian patients (30) .
Yet, in no experiment did lergotrile enhance cyclic AMP synthesis .
one possible explanation was that lergotrile itself was not the
active compound since its effects in vivo occur with a delayed
onset (29) . We examined several pótenl metabolites of
lergotrile and found them to be inactive (data not shown) . The
fact that lergotrile reduces prolactin release from isolated
pituitary glands (28) also indicates that the parent compound has

pmoless cy~~ AMP/mg prote n m mute

Control 66 .2+ 8 .7 152.4+ 7 .9
Dopamine, 10-6M 67 .7+ 4 .1 168 .7+ 8.4

10-6M 70 .0+10 .5 ---
10-4M 52 .3+ 6 .3 288 .7+17 .3

Lergotrile, 10-6M 58 .2+ 0 .5 143 .3+19 .5
10-5m 58 .7+ 4 .9 ---
10-4M 67 .0+ 7 .6 156 .7+ 9 .0

Apomorphine, 10-IM 61 .7+ 7 .8 195 .7+12 .2
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inherent activity .

Although lergotrile was the most dramatic example of in vivo
dopaminergic activity not being reflected in the aden-yTate cyclase
assay, incongruities were seen with other ergots . None of the
ergots we tested stimulated adenylate cyclase to the-degree seen
with dopamine (Fig . 1) . One reason for this might be the dual
agonist-antagonist nature of these compounds . All ergots markedly
inhibited the dopamine-induced activation of adenylate cyclase
with LSD and lergotrile being most active, (Table 1) . This inhi-
bition could be due to the alpha blocking activity of these
compounds since phenoxybenzamine at an elevated concentration
reduced the dopamine stimulation by 54% (Table 1) . Other studies
have shown a-adrenergic blockade of dopamine in the striatum
(18,24,31), and there are other instances in which ergots exerted
biphasic or inhibitory effects on the synthesis of cyclic AMP in
the CNS . Palmer and Burke (32) reported that LSD inhibited the
norepinephrine-induced elevation of cyclic AMP in slices of brain
stem, and Markstein and Wagner (33) found that dihydroergotoxin
inhibited cyclic AMP synthesis in,cortical slices . Inhibition of
dopamine-stimulated synthesis of cyclic AMP has been reported for
LSD (20), ergotamine (19) and bromocriptine (34) .

	

We have now
found this inhibitory activity in several other ergots suggesting
that this activity might be predominant in all ergots .

	

The
antagonism of dopamine-stimulation appears specific since activa-
tion of adenylate cyclase by sodium fluoride was not reduced by
LSD or lergotrile (data not shown) .

One of the more well-documented effects of ergots is their ability
to inhibit the release of prolactin from the pituitary gland. In
vitro experiments have shown that dopamine (35) and apomorphine
TT6T-can also produce this effect, and specific dopamine receptor
binding sites have been found in pituitary membrane fractions (37) .
We therefore expected dopamine and dopamine agonists to stimulate
cyclic AMP synthesis in homogenates of the pituitary gland, but in
no experiment was there a detectable increase in cyclic AMP
synthesis in the presence of dopamine, apomorphine, or lergotrile,
(Table 2) . Yet in the same experiment dopamine and apomorphine
did stimulate cyclic AMP synthesis in homogenates of the striatum
prepared and incubated exactly as the pituitary homogenates .
Earlier, Steiner et al . (38) reported that epinephrine and nor-
epinephrine did not stimulate adenylate cyclase in pituitary
homogenates . Since many tissues lose adenylate cyclase hormone
sensitivity when homogenized, we looked for dopamine stimulated
cyclic AMP synthesis in intact pituitary glands . However,
dopamine did not elevate cyclic AMP concentrations in intact
glands even though the release of prolactin was significantly
reduced (data not shown) .

Recently it has been shown that there is a heterogeneous distri-
bution of dopamine (39), LSD and dopamine-dependent adenylate
cyclase (24), and dopamine agonist and antagonist receptors in
the striatum (40) . Our findings indicate that if dopamine recep-
tors exist in the pituitary gland, as ample in vivo and in vitro
evidence indicates, those dopamine receptorswhIccontroT
prolactin release are not associated with adenylate cyclase, do
not function in a manner similar to dopamine receptors in the
striatum, or are unlike dopamine receptors in the striatum.
Similarly, those dopamine receptors that are activated by
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ergolines might be only marginally associated with adenylate
cyclase .

Why lergotrile, bromocriptine (34) and other ergots behave as such
strong dopamine agonists in in vivo systems and are only
marginally active or inactiveas adenylate cyclase stimulants
in vitro is an enigma and questions the rationale for using the
adenylate cyclase assay to assess dopamine agonist activity, at
least in the case of ergot-like compounds . However, caution must
also be exercised in assuming that an in vivo dopaminergic profile
is due to direct dopamine stimulating effects of a compound . One
potential problem of in vivo tests is that they often are unable
to distinguish directefTei-cts of a compound from nonspecific
effects occurring on other receptors or in other distant organ
systems which indirectly influence the parameter being monitored .
In the case of the ergots this might be especially important since
these compounds have been shown to act as alpha blockers (1), beta
blockers (41,42), serotonin antagonists (2), serotonin agonists
(43), and dopamine antagonists (20), as well as dopamine agonists
(44) .
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