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SUMMARY

HARMAR, A. J. & HORN, A. S. (1977) Octopamine-sensitive adenybate cyclase in
cockroach brain: effects of agonists, antagonists, and guanyiyl nucleotides. Mol.

Pharmacol., 13, 512-420.

The pharmacological properties of a cell-free, octopamine-sensitive adenylate cyclase

present in homogenates ofthe brain ofthe cockroach, Periplaneta americana, have been
examined. In accordance with previous reports, octopamine elicited small increases in
adenylate cyciase activity in homogenates ofboth brain and thoracic ganglia. Guanosine
5’-tniphosphate, which was routinely included in the assay system, greatly enhanced

responses to octopamine, while 5’-guanylylimidodiphosphate greatly increased both
basal and octopamine-sensitive adenylate cyclase activities. A variety of phenylethyla-
mines were tested for stimulatory effects upon adenylate cyclase activity in this system:
the most potent agonists were found to be octopamine and p-fluonophenylethanobamine.

The naturally occurring D( -) isomer of octopamine was over 200 times as potent as the
L( +) isomer. A variety of drugs were tested. as possible antagonists of the octopamine-
sensitive adenylate cyclase; the most potent antagonists were the alpha adrenocepton
antagonist phentolamine and the histamine and 5-hydroxytnyptamine antagonist cypro-
heptadine. A dopamine-sensitive adenylate cyclase was also observed in homogenates of

cockroach brain, and was similar to dopamine-sensitive adenylate cyciases in other
tissues in its responses to epinine and to the rigid dopamine analogue 2-amino-6,7-
dihydnoxy-1,2,3,4-tetnahydnonaphthaiene, and in the stereoselective blockade of re-
sponses to dopamine by the potent neurobeptic agent a-flupenthixol. Adenylate cycbase
responses to dopamine and octopamine were additive. The structural characteristics
necessary for stimulation of octopamine-sensitive adenylate cyclase appear to differ

markedly from those required for stimulation of dopamine or beta adnenoceptor-linked

adenylate cyciase systems.

INTRODUCTION number of invertebrates, including moi-

Evidence is accumulating to suggest luscs (1-4), crustacea (5-7), and insects (8-

that octopamine is a neurotransmitter in a 20). It seems likely that many of the post-
synaptic actions of octopamine (15-22) as

I Recipient of an Internal Graduate Studentship of some other neurotnansmitters (23), may
from Trinity College, Cambridge. Present address, . . ,
Friedrich Miescher-Institut Postfach 273 CH-4002 be mediated by cyclic 3 ,5 -AMP. Robert-
Basel Switzerland. son and Steele (15-17) showed that low

2 Present address, Department of Pharmacy, concentrations of octopamine activated
Laboratory for Pharmaceutical Chemistry, Univer- glycogen phosphorylase in the nerve cord
sity of Groningen, Groningen, The Netherlands. ofthe cockroach, Periplaneta americana, a
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tissue which contains substantial amounts

of octopamine (17). Nathanson and Green-
ga.rd (18-20) demonstrated that incubation
of Periplaneta thonacic ganglia with octo-
pamine, dopamine, on 5-hydroxytrypt-

amine resulted in increased cyclic AMP
synthesis, and that adenylate cyclases sen-
sitive to these three neurotransmittens
were present in homogenates of the gan-

glia. Carlson (10-13) showed that octopa-
mine and synephnine were the most potent

of a number of phenybethylamines in stim-
ulating luminescence in the perfused lan-

tern of the firefly, Photuris; nonepineph-
nine and dopamine were at least an order

ofmagnitude less potent. Since the lantern
contains substantial amounts of octopa-
mine, but no synephnine (14), octopamine

is probably the transmitter in this system.
Little information is available concerning

the structural requirements for agonist or
antagonist activity at octopamine recep-
tons; we have therefore tested a number of
phenylethylamines and other drugs as

possible agonists or antagonists of the
octopamine-sensitive adenylate cyclase.

Guanylyl nucleotides have been impli-
cated as regulators of a number of hor-

mone- (24) and neurotnansmitten- (25, 26)
sensitive adenylate cyclases; the effects of

guanosine 5’-tniphosphate and 5’-guanyl-
ylimidodiphosphate upon the octopamine-
sensitive adenylate cyclase were also ex-
amined.

MATERIALS AND METHODS

Drugs and reagents. All common iabo-
ratony reagents were of analytical grade

and were purchased from Fisons, Ltd.
Other drugs and chemicals were obtained
from the following sources: ATP, GTP, DL-

octopamine HC1, DL-phenylethanoiamine,
tyramine HC1, dopamine HC1, 5-hydroxy-
tnyptamine creatinine sulfate, DL-norme-
tanephnine HC1, DL-nonepinephnine HC1,
DL- epinephnine HC1, L- phenybephnine
HC1, and yohimbine HC1, from Sigma; DL-

synephnine tantrate and /3-phenylethyla-
mine HC1, from Koch-Light; 5’-guanyb-

ylimidodiphosphate, from Boehninger; a-
methyb-DL-octopamine HC1, from Aldrich;
DL-isoproterenoi HC1, from Lilly; DL-m-oc-
topamine, from Phase Separations; phen-
tolamine methanesubfonate, from Ciba; pi-

peroxan HC1 and cyproheptadine HC1,
from Merck Sharp & Dohme; dichboroiso-
protenenob HC1, practolol HC1, and DL-pro-
pranobol HC1, from ICI; promethazine HC1

and chlonpromazine HC1, from May and
Baker; H35/25, from Hassle; and a- and /3-

flupenthixol HC1, from Lundbeck.
We are especially grateful to Dr. P. N.

Patii for gifts of the D and L isomers of

octopamine, to Dr. R. Pinden for 2-amino-
6,7-dihydroxy- 1, 2,3, 4-tetnahydronaphtha-
lene HBn, and to Dr. R. W. Fuller (Lilly
Research Laboratories) for the halogen-

ated phenylethanolamines.
Octopamine- and dopamine-sensitive

adenylate cyclases ( cockroach brain).

Adult male cockroaches, Periplaneta

americana, were obtained from cultures
maintained at the Department of Zoology,
University of Cambridge. Insects were de-

capitated, and their brains were removed
and placed in cold insect Ringer’s solution
(18) containing NaCl, 214 mM; CaCl2, 9
mM; KC1, 3.1 mM; MgSO4, 1.2 mM;

KH2PO4, 0.4 mM; NaHCO3, 25 mM; and t-

glucose, 10 mM. This solution had a pH of

7.4 after equilibration with a mixture of
95% 02 and 5% CO2 at 0#{176}.After brief wash-
ing in a similar Ringer’s solution from
which CaCl2 had been omitted, tissues
were homogenized (10 mg/mb) in 6 mM

Tnis-maleate buffer (pH 7.4) containing 2
mM EGTA,3 using a glass homogenizer

with a motor-driven Teflon pestle. Adenyl-

ate cyclase activity was measured in an
assay system slightly modified from that of

Nathanson and Greengand (18), contain-
ing Tnis-maieate (pH 7.4), 80 mM; theo-
phyiline, 10 mM; MgSO4, 2 mM; EGTA, 0.5
mM; GTP, 0.1 mM; ATP, 0.5 mM; and tis-

sue homogenate (0. 1 mg, wet weight) pius
test substances as indicated, in a final vol-

ume of 80 p.1. After preliminary incubation
of the assay system in the absence of ATP
for 5 mm at 0#{176},ATP was added to start the
reaction. After incubation at 30#{176}for 3 mm
in a shaking water bath, the reaction was

terminated by boiling for 1.5 mm. Cyclic
AMP formation was linear for incubation
times of up to 5 mm, and for tissue concen-

3 The abbreviations used are: EGTA, ethylene

glycol bis(�3-aminoethyl ether)-N,N’-tetraacetic

acid; ADTN, 2-amino-6,7-dihydroxy-1,2,3,4-tetrahy-

dronaphthalene.
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trations of up to 0.2 mg, wet weight, pen
assay tube. The contents of each assay

tube were then centrifuged for 5 mm in a
Beckman Microfuge to remove denatured

protein, and b-p.1 aliquots ofthe supenna-
tant were assayed for cyclic AMP by the
method of Brown, Ekins, and Aibano (27).

When assay conditions differed from the
above, they are described in the figure
legends.

Dopam me-sensitive adenylate cyclase

(rat striatum). Dopamine-sensitive aden-
ylate cyclase in homogenates of rat stnia-
tum was measured by the method of
Miller, Horn, and Ivensen (28).

RESULTS

Effect ofguanylyl nucleotides upon octo-

pamine-sensitive adenylate cyclase. Only a

small stimulation of adenylate cycbase ac-
tivity was elicited by octopamine if GTP

was omitted from the assay system. Re-
sults of a typical experiment are given in
Table 1: in the absence ofGTP, octopamine
(0.3 mM) stimulated adenylate cycbase ac-

tivity to 112% ± 8% (SEM) ofbasal activity
in brain homogenates and to 138% ± 8% of

basal levels in homogenates of thonacic
ganglia. In the presence of 0. 1 mr�i GTP,
the stimulations were 270% ± 20% and
141% ± 7% of controls, respectively. The

effects of various concentrations of GTP

and of 5’-guanylybimidodiphosphate upon
adenylate cyclase activity in cockroach

TABLE 1

Effect of GTP upon adenylate cyc!ase activity in

homogenates ofcockroach bra in and thoracic gang!ia

Cockroach brains and thoracic ganglia were as-

sayed for adenylate cyclase activity as described in

MATERIALS AND METHODS, in the presence and ab-

sence of octopamine (0.3 mM) and GTP (0.1 mM).

Values represent the means ± standard errors of

four separate incubations.

Additions Adenylate cyclase activity

Thoracic gan- Brain
glia

pmoles cyclic AMP formed!
mm/mg tissue

None 10.8 ± 0.4 18.3 ± 0.4

Octopamine 14.9 ± 0.9 20.5 ± 1.6

GTP 16.3 ± 2.3 25.7 ± 5.1

Octopamine + GTP 23.0 ± 1.2 69.3 ± 5.2

a � io6 � �

Nucleotide concentration. M

FIG. 1. Effect of GTP and 5’-guanyly!imidodi-

phosphate upon basal and octopamine-stimulated

adenylate c.vc!ase activity

A homogenate of cockroach brain was assayed for

adenylate cyclase activity in the presence and ab-

sence of 0.3 mM octopamine (OA) and of increasing

concentrations of GTP or 5’-guanylylimidodiphos-

phate [Gpp(NH)p]. Points represent the means of

four separate incubations; standard errors were less

than 10% of the means.

brain homogenates are shown in Fig. 1.
Both nucleotides stimulated octopamine-
sensitive adenylate cyciase activity to as
much as 4 times the level observed in the
absence of added guanylyi nucleotides;

maximal responses to both nucleotides
were observed at 0. 1 m�i. Basal activities

were stimulated up to 2-fold by GTP and

up to 8.5-fold by 5’-guanylylimidodiphos-
phate. All subsequent adenylate cyclase

assays were carried out in the presence of

0.1 mM GTP.
Effects of dopamine, octopamine, and

other phenylethylamines . Adenylate cy-
clase responses to octopamine and dopa-
mine were quite variable. The maximal
response to octopamine in the presence of
GTP was associated with an increase in
adenylate cyclase activity to between 200%

and 400% of the actiVity in the absence of
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added drugs (Fig. 2). In 26 experiments,
the average maximal stimulation elicited
by octopamine was 275% ± 13% of controls.
Dopamine elicited a maximal response of

between 150% and 300% of basal activity

(Fig. 2); in six experiments, the average
maximal stimulation was 208% ± 27% of

controls. There was no significant stimula-
tion by 5-hydnoxytnyptamine at concentra-
tions of up to 1 mM. Although the effects of
maximally stimulating concentrations of

octopamine and dopamine upon the cock-
roach adenylate cycbase were essentially

additive (Table 2), the addition of nonepi-
nephnine to assay systems containing

FIG. 2. Effect ofdopamine and octopamine upon

ad.enylate cyclase activity in homogenates of cock-

roach brain

Adenylate cyclase was measured as described in

MATERIALS AND METHODS, in the presence of increas-

ing concentrations of octopamine (OA) or dopamine

(DA). Results are expressed as a percentage of the

adenylate cyclase activity observed in the absence of

added biogenic amines; in experiments with dopa-

mine, this was 31.8 ± 1.6 pmoles of cyclic AMP

formed per minute per milligram oftissue; in exper-

iments with octopamine, the control adenylate cy-

clase activity was 24.1 ± 0.1 pmoles/min/mg of tis-

sue. Points represent the means ± standard errors

for four separate incubations.

TABLE 2

Additive effects ofoctopamine and dopamine upon

adenylate cvc!ase activity in homogenates of

cockroach brain

Adenylate cyclase activity was measured as de-

scribed in MATERIALS AND METHODS, in the presence

and absence ofoctopamine (0.1 mM), dopamine (0.03

mM), and norepinephrine (0.3 mM). These amine

concentrations elicited maximal increases in aden-

ylate cyclase activity when added alone. All values

are means ± standard error for four separate incu-

bations, and represent the absolute increases in

adenylate cyclase activity above that (15.4 ± 0.4

pmoles/min/mg of tissue) observed in the absence of

added amines.

Additions Increase in
adenylate cy-

clase activity

pmoleslmin I
�ng tissue

Octopamine

Dopamine

Norepinephrine

Octopamine + dopamine

Octopamine + norepinephrine

Dopamine + norepinephrine

Octopamine + dopamine +

norepinephrine

31.0 ± 0.4

14.2 ± 1.4

14.3 ± 1.3

48.3 ± 2.2

32.4 ± 0.8

14.0 ± 0.7

30.5±2.2

either octopamine (0. 1 mM) or dopamine
(0.03 mM) did not evoke a further increase

in adenylate cyclase activity, and the addi-

tion of norepinephrine to assay systems
containing both octopamine and dopamine

significantly reduced adenylate cyciase ac-
tivity.

Responses of the insect adenylate cy-
ciase system to octopamine and a variety

of other phenylethylamines are summa-
rized in Table 3. The most potent agonists
were DL-octopamine, D(-)-octopamine,

and p-fluono-DL-phenybethanolamine. The

L(+) isomer of octopamine was over 200
times less potent than the naturally occur-
ring D(-) isomer in stimulating adenylate
cyciase, whereas the potencies of DL-Octo-

pamine and D( - )-octopamine were not sig-
nificantly different. Of the 14 phenyleth-
ylamines tested, only norepinephrine and
epinephrine showed significant activity in
stimulating the dopamine-sensitive aden-

ylate cycbase from nat stniatum.

The effects of dopamine and the potent
dopamine agonists epinine and ADTN
upon the insect adenylate cyclase system



516 HARMAR AND HORN

TABLE 3

Effect ofphenylethylamine derivatives upon adenylate cyclase activity in homogenates ofcockroach brain and

rat striatum

Adenylate cyclase activity was measured as described in MATERIALS AND METHODS. Most ofthe compounds

tested were inactive at 0. 1 m�t in stimulating the dopamine-sensitive adenylate cyclase in rat striatum; they

are indicated by minus signs. Norepinephrine and epinephrine were weak dopamine agonists: at 0. 1 mM

they elicited 69% ± 16% and 44% ± 16% of the stimulation due to 0.03 m�.s dopamine, respectively, as

indicated by plus signs. The EC,0 values for DL-octopamine and D( - )-octopamine as agonists of the

octopamine-sensitive adenylate cyclase are given as means ± standard errors for three different experi-

ments; they are not significantly different (p > 0.2 by Student’s t-test).

Compound I-I H H Maximal EC,0 Effect on

I I b response dopamine-
I \ c_ C- N relative to sensitive

- DL-octopa- adenylate
mine cyclase

R R R R R (rat stria�
I 2 3 4 5 turn)

% /LM

D-(-)-Octoparnine OH H OH H H 100 3.5 ± 0.2 -

DL-Octopamine OH H OH H H 100 2.7 ± 1.3 -

p-Fluoro-Di.-phenyletha-

nolamine F H OH H H 100 4.4 -

DL-Synephrine OH H OH H CH, 100 11 -

DL-Phenylethanolarnine H H OH H H 100 32 -

DL-Norrnetanephrine OH OCH, OH H H 100 66 -

DL-Metanephrine OH OCH3 OH H CH3 100 160 -

a-Methyl-rn�-octopa-

mine OH H OH CH3 H 100 200 -

DL-NOrepinephrine OH OH OH H H 54 ± 11 240 +

Tyramine OH H H H H 61 ± 10 290 -

L(+)-Octoparnine OH H OH H H 81 ± 12 720 -

DL-Epinephrine OH OH OH H CH3 41 ± 5 +

i.-Phenylephrine H OH OH H CH3 30 ± 24 -

DL-Isoproterenol OH OH OH H CH(CH3)2 18 ± 4 -

/3-Phenylethylamine H H H H H 12 ± 13 -

DL-m-Octoparnine H OH OH H H 13 ± 8 -

are summarized in Table 4.
As in the rat stniatal adenylate cyclase

system (28), both epinine and ADTN were

comparable in potency to dopamine, and
elicited similar maximal responses.

Antagonists ofresponses to octopamine

and dopamine . Although nonepinephrine

stimulated adenybate cyclase in homoge-
nates of cockroach brain (Tables 2 and 3),
it also antagonized adenylate cyclase ne-

sponses to octopamine (Fig. 3), with an
IC50 of about 90 p.M.

A number of alpha and beta adrenocep-

ton-blocking agents, cyproheptadine, and
several thioxanthene and phenothiazine
derivatives were tested for their activities

as antagonists of the octopamine-sensitive
adenylate cyclase (Tables 5 and 6). The
most potent antagonists were cyprohepta-

dine and phentolamine. A double-necipro-

TABLE 4

Comparison of effects of dopamine agonists upon

dopamine-sensitive adenylate cyclase activity in

homogenates of cockroach brain and of rat striatum

Drug EC,0

Cockroach Rat stria-
brain turn#{176}

pM pM

Dopamine 1.7 2.0

Epinine 6.8 1.5

ADTN 8.0 4.0

a Data from ref. 29.

cal plot of the effect of octopamine upon

adenylate cyclase activity in the presence
and absence of cypnoheptadine (0. 1 p.M) is
shown in Fig. 4. Cyproheptadine increased
the apparent K0 for octopamine without

affecting Vmax; the K(, for octopamine was



100

75

1o6 �;-� �
Norepinephrine concsntration (M�

OCTOPAMINE-SENSITIVE ADENYLATE CYCLASE 517

0

C

FIG. 3. Effect of DL-norepinephrine upon octopa-

mine-stimulated adenylate cyclase

Adenylate cyclase was measured in homogenates

of cockroach brain as described in MATERIALS AND

METHODS, in the presence and absence of octopamine

(3 �M) and increasing concentrations of DL-norepi-

nephrine. For each concentration of norepinephrine,

results are expressed as 100 x {1 - [(stimulation in

the presence of octopamine + norepinephrine) -

(stimulation in the presence of norepinephrine

alone)]! (stimulation in the presence of octopamine

alone)). In the absence of norepinephrine, basal

adenylate cyclase activity was 18.7 ± 3.0 pmoles of

cyclic AMP formed per minute per milligram of

tissue, and octopamine-stimulated activity was 37.5

± 1.9 pmoles/min/mg of tissue. Each point is the

mean ± standard error of four replicate determina-

tions.

estimated at 4.2 p.M, and the K for cypro-
heptadine, at 0.07 p.M. Although cyprohep-
tadine was the most potent antagonist

studied, its effects were not specific for
octopamine-sensitive cyclase; it was also a
potent antagonist of dopamine-sensitive

adenylate cyclase both in cockroach brain
and in rat stniatum (Table 6).

The a-isomer ofthe thioxanthene neuro-
leptic flupenthixol was slightly more po-
tent as an antagonist of octopamine-sensi-
tive adenylate cyclase than the /3-isomer
(Table 6). However, a-flupenthixol was a

more potent antagonist of dopamine-sensi-

tive adenylate cyclase, and the blockade of
responses to dopamine was more stereose-
lective than that of responses to octopa-

mine.
Absence ofoctopamine-sensitive adenyl-

ate cyclase activity from homogenates of
rat brain regions. Regions of rat brain
were dissected out by the method of Glow-

inski and Ivensen (30), homogenized (50
mg/mi) in 6 mM Tnis-maleate buffer (pH
7.4) containing 2 mM EGTA, and assayed

for octopamine-sensitive adenylate cyclase
as described in MATERIALS AND METHODS.

There was no significant stimulation of
adenylate cyclase by 0.3 m� octopamine in

any of the brain regions examined (hypo-
thalamus, stniatum, pons-medulla, cene-
bellum, cortex, and cervical spinal cord).

DISCUSSION

The octopamine-sensitive adenyiate cy-

clase described here is similar to that de-
scnibed in cockroach thoracic ganglia by
Nathanson and Greengard (18-20) in its

sensitivity to antagonists, its affinity for

octopamine, and its association with an

TABLE 5

Inhibitors of octopamine-sensitive adenylate cyclase

in homogenates of cockroach brain

Adenylate cyclase activity was determined as de-

scribed in MATERIALS AND METHODS. IC,� values rep-

resent the concentrations of drugs causing 50% inhi-

bition of the stimulation of adenylate cyclase activ-

ity by 3 �LM DL-octopamine. Some drugs inhibited

basal adenylate cyclase activity; such effects have
been allowed for in the calculation of results. Prac-

tolol and H35/25 were inactive at 0.1 m�,i. 2-Chloro-

phenylethanolamine, 3,4-dichlorophenylethanolarn-

me, 3-bromophenylethanolamine, and 2-fluorophen-

ylethanolamine were inactive at 0.03 mM.

Drug Maximal inhi- IC5,
bition

% pM

Cyproheptadine 100 0.13

Phentolamine 100 0.20

Promethazine 100 1.00

Chlorprornazine 100 2.40
Piperoxan 100 3.30

a-Flupenthixol 100 6.00

f3-Flupenthixol 100 21

Propranolol 70 ± 15 75

Dichloroisoproterenol 100 75

Yohimbine 82 ± 5 180



TABLE 6

Effects ofcyproheptathne and isomers offlupenthixol upon octopamine- and dopamine-stimulated adenylate

cvclase in cockroach brain and rat striaturn

K, values were calculated, assuming competitive inhibition, from the relationship IC�,, = K,(1 + S/K,,,),

where K,,, is the concentration of dopamine or octopamine required for half-maximal stimulation of

adenylate cyclase (3.5 j.cM octopamine and 1.7 j.�M dopamine in the cockroach brain system; 5 j.tM dopamine

in the rat striatal system) and S is the concentration ofagonist used (3 �M octopamine or 100 �.LM dopamine).

Drug Octopamine-sensitive Dopamine-sensitive
adenylate cyclase adenylate cyclase Dopamine-sensitive adenylate
(cockroach brain) (cockroach brain) cyclase (rat striatum)

IC.,,, K IC� K, IC�, K

Cyproheptadine

a-Flupenthixol

f3-Flupenthixol

,, Data from ref. 30.

0.13

6.0

21

�M pM pM pM pM pM

0.07 3.6 0.06 1.5 0.071

3.2 1.2 0.02 0.022” 0.001’

11 21 0.35 >100” >1”

a

E

E

� 0�

3
a

0
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cvproheptadine upon octopa-
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FIG. 4. Effect of

a) inc-sensitive adenylate cvclase

Double-reciprocal plot of the increase in adenyl-

ate cyclase activity elicited by octopamine, as a

function of octopamine concentration, in the pres-

ence (Li) and absence (#{149})ofcyproheptadine, 0.1 �zM.

Adenylate cyclase activity was measured as de-

scribed in MATERIALS AND METHODS, and all points

represent the means of four separate incubations.

apparently distinct population of adenyl-

ate cyclase linked to dopamine receptors.
The cockroach brain adenylate cyclase sys-
tem differs from that of Nathanson and

Greengard (18-20) in the apparent absence
of 5-hydnoxytryptamine sensitivity and in
the absolute magnitude ofenzyme activity
associated with the basal and octopamine-
stimulated states.

The inclusion of GTP in the assay sys-

tern enhanced the relative magnitude of
octopamine-stimulated activity oven basal
activity, transforming a small, poorly ne-
producible response into one which could
be studied in detail. The effects of guanylyl
nucleotides upon the insect adenylate cy-

clase were consistent with earlier reports
(25, 26) that GTP may have an important
role in the regulation of adenylate cyciase

in nervous tissue.

The effects of dopamine and octopamine
upon the adenylate cyclase system were
additive, suggesting the presence of sepa-
rate populations of adenylate cyclase
linked to receptors for octopamine and do-
pamine (18, 20). As reported by Nathanson
and Greengard (18, 20), responses to nor-
epinephrine were not additive with re-
sponses to dopamine, and although nonepi-
nephnine stimulated adenylate cyclase, it

also antagonized responses to octopamine.
It seems likely that there are no receptors

for norepinephnine in cockroach brain, but
that norepinephnine had a dual action as

an agonist of dopamine-sensitive adenyl-
ate cyciase (with a K(, of about 37 p.M) and
as an antagonist of octopamine-sensitive
adenylate cyclase (with a K, of about 44
p.M).

The properties of the dopamine-sensi-
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tive adenylate cyclase in homogenates of
cockroach brain were similar to those ob-

served in rat stniatal homogenates (29):
the dopamine agonists epinine and ADTN
were comparable in potency to dopamine
as stimulants of insect adenylate cyciase,
and evoked similar maximal responses.
The dopamine antagonist a-flupenthixol

was more potent in antagonizing the aden-
ylate cyciase response to dopamine than
the response to octopamine.

A summary of the effects of a number of

phenylethylamines upon cockroach brain
adenylate cyclase is given in Table 3. Of
the amines tested, only norepinephrine
and epinephnine were active as agonists of

the nat stniatal dopamine-sensitive adenyl-
ate cyclase; the effects of the remaining
amines upon insect adenylate cyclase were
therefore almost certainly not due to ac-
tions at dopamine receptors. Since the

most potent agonist of the adenylate cy-
clase response was octopamine, in particu-
bar its D( -) isomer, and since cockroach
nervous tissue contains abundant octopa-
mine (17), it is likely that the order of

potency ofthe phenylethylamines in Table
3 reflects their relative affinities for an
adenylate cyclase for which the endogenous

ligand is D(-)-octopamrne. Since norepi-
nephrine and epinephrine were active as
dopamine agonists, their potency as octo-
pamine agonists may be rather less than
that suggested by the data in Table 3.

A number of conclusions may be drawn

concerning the structure-activity relation-
ships for stimulation of octopamine-sensi-
tive adenylate cyclase. (a) The response
was stereoselective for the D( -) isomer of
octopamine, which was over 200 times as

potent as the L(+) isomer. (b) The presence
of a /3-hydroxyl group was essential for
potent activity. (c) The absence of a p-
hydroxyl group substantially reduced
potency. p - Fluorophenylethanolamine,
however, was a potent agonist, which

shows that other groups can be substituted
for the hydroxyl group without a great loss
of potency. (d) The presence of a m-hy-

droxyl group drastically reduced potency.

(e) Addition of a methoxy group in the
meta position also decreased potency; how-

ever, m-methoxyphenylethylamines were

more potent than the corresponding m -

hydroxy compounds. (0 a-Methylation of

octopamine resulted in about a 60-fold
decrease in potency. (g) N - Methylation

slightly reduced potency, and substitution
of the still larger isopropyl group reduced

potency substantially.
These relationships are strikingly differ-

ent from those observed at adrenoceptors
(31) and dopamine receptors (28), but

closely resemble those observed by Carison
(12) in the firefly lantern. N-Methylated

amines were more potent in stimulating
the firefly lantern than their parent pri-
mary arnines, whereas the reverse rela-
tionship was found in the octopamine-sen-
sitive adenylate cyciase system. However,

the apparent potency of drugs in eliciting
luminescence in the lantern may reflect

differences in the distribution and degra-
dation of such drugs within the tissue, as
well as in their activity as octopamine ago-
rusts.

There was no obvious correlation be-
tween the structures of the various drugs

found to be potent antagonists of the octo-
pamine-sensitive adenylate cyclase, and
such drugs had widely differing properties
as antagonists of other receptors. Thus the
most potent octopamine antagonists were

cyproheptadine (a potent histamine and 5-
hydroxytryptamine antagonist), phentol-

amine (an imidazoline with potent alpha
adrenoceptor-blocking activity), and pro-
methazine (a phenothiazine with hista-
mine-blocking activity). The beta adreno-

ceptor-blocking agents tested [dichlonoiso-
proterenol, propranolol, the selective,

antagonist practolol (32), and the beta2 an-
tagonist H35/25 (33)] all had little or no

activity as octopamine antagonists. There
was no obvious correlation between the
potency of neuroleptic drugs (chlorproma-
zine, a-flupenthixol, and its inactive /3-
stereoisomer) and their activity as octopa-
mine antagonists. Although a-flupenthixol

was more potent than the /3-isomer, the
difference in potency of the two isomers
was not as marked in the octopamine-
sensitive adenylate cyciase system as in
the dopamine-sensitive adenylate cyclase
from rat stniatum. The alpha adrenocep-

ton-blocking agents tested (phentolamine,
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piperoxan, and yohimbine) differed widely
in their potencies as octopamine antago-

nists. None of the drugs tested could be

regarded as a specific octopamine antago-
nist.

The pharmacological properties of the

octopamine-sensitive adenylate cyclase
are strikingly similar to those ofthe firefly

lantern, in which octopamine is almost
certainly the transmitter. It is therefore

likely that adenylate cyclase plays an im-
pontant role in the mediation of octopami-
nergic neurotnansmission. Confirmation of

a neurotransmitter role for octopamine
will require the development of specific
octopamine antagonists, for which the oc-
topamine-sensitive adenylate cyclase ap-
pears to be a good screening system.
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