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SUMMARY

Octopamine, a major aminergic neurotransmitter in invertebrates, exerts many of its
actions through receptors which are associated with the activation of adenylate cyclase.
The present, study defines and characterizes a new class of potent octopamine agonists,
the substituted phenyliminoinlidazcflidines (l'lls). Approximately 30 of these deriwltlves
were examined tbr agonist and antagonist effects on the highly enriched and specific
octopamine-sensitive adenylate cyclase present in the firefly light organ, as well as on
adenylate cyclases present in other invertebrate and vertebrate tissues. Several deriva-
tives were extremely active and some {e.g. 2,6-diethyl-PII) had potencies exceeding those
of any previously described agonists of octopamine-sensitive adenylate cyclase. Stimula-
tion by the potent Ptls was reversible, nonadditive to that caused by octopamine, and
could be antagonized by antagonists such as cyproheptadine (Ki = 4 zM), phentolamine
(K_ = 23 #M), and propranolol (Ki = 72/_M). These inhibitory constants agreed well with
those for inhibiting octopamine stimulation. Certain PII derivatives acted as partial
agonists and some as antagonists of octopamine stimulation. Structure-activity relation-
ships revealed, among other things, that short-chain alkyl substitutiion in the 2- and 6-
phenyl positions enhanced activity, as did further substitution of 4-halo, 4-methyl, or 4-
hydroxy substituents. 4-Amino or N-alkyl substitution decreased activity. Structurally
related benzylimidazoline derivatives such as tolazoline and naphazoline were partial
octopamine agonists, generally less active than the PIIs. Comparison, in three inverte-
brate species, of the effects of the PIIs and two other chemical classes of octopamine
agonists demonstrated clearcut differences in species responsiveness. Other comparative
studies revealed that. the agonist activity of the potent. PIIs was specific for tissues
containing an octopamine-sensitive adenylate cyclase; adenylate cyclases activated by
dopamine or by It,- or fl..,-adrenergic agonists were unaffected by these cumpounds.
Evaluation of the relative binding affinities of various Plls for mammalian _-adrenergic
receptors, as well as the ability of various antagonists to block PII binding, strongly
suggested that the active Plls are affecting a class of octopamine receptors distinct from
mammalian _l- or _2-adrenergic receptors. These octopamine receptors also appeared
distinct from mammalian 5-HT_ and 5-HT= receptors. Correlative physiological studies
in insects revealed that the active PIIs mimicked octopamine and were potent activators
of light, emission in the firefly light organ. The PIIs also caused disruption of motor and
feeding behavior in t.obacco hornworms, leading to insect, death, an effect which was
markedly potentiated by phosphodiesterase inhibitors. These data have relevance to
understanding the structural requirements of agonists necessary for activation of octo-
pamine-sensitive adenylate cyclase. In addition, the compounds described should be
useful in elucidating the physiological actions of octopamine in invertebrates, as well as
in developing selective pesticidal agents with decreased toxicity for vertebrates.

INTROI)UCTION mitrer in invertebrales, having both neurohumoral and
Substantial bi_whendcal and I_hysi_h_gical evidence in- neuroi ransmilter roles (I 3). Ociolmmine exerts its efI

dicates lhat octopamine isa majoraminergic neurolrans- lecls through inlerm'tion with al least lwo classes of
receptors which, on the basis of pharnmcological criteria,

This work and the mltlmr were st/I)lmrled, in Imrl, by the McKnighl have been design_lie(t oc|opanline- l _llld octopanline -'_

Foundation and the ,lI,N-I)aniels Ih,senrch Fund. (.1). Physiological sludies suggesl lhal Inillly of the effects
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(It' OCI<4HIIIIiII(' _li ()clol)_|]lii[|('-') r(4"el)|ors lllltV h( ' lllt_(li- .'l'risInah4ue huffor, pll 7.,I. A washed particulate (1_2) fraction was

sled by cyclic AM I' (,5). An a(lt, nylale t'yt'htsc Sl)t't'ifit'_llly i),'elmrt,d _lsprevhntsly dcs,'rib_,d lilt) and maintained at I|' uulil use.

at!llvaled l)y oCtOlmntine was first, identified, several Adt,nyhtte cy¢lase activity was alsu mess((red in P_ fractions prepared

years ago, ill insect nerve ct)rd (6) lilld, sul)se(luenlly, ill Ir, an h,tlnogenales (I.r_ nlg/nll) of ventral nerve cords of adult cock-
I Ill _ I i.'.;Stle.'-; i)f ,_! IItlltll)t'r (if olhel" illVt'l'leIH'alt' chisse.4 ront'he.,, tl',,rilJhln,'ttl tlm,'rit'at!lt) olltained I'rtlnl a ]ahoral(try colony. In

st, tile experiinents, adenylale cvchlse activity was also measured in I'.,
(reviewed in I{t, fs. 2 and 3). Pharnmcological character- fra,'tion._ of ventral uerve cords (including head and tail ganglia) from

izalion (if ot'l()l)_lntine sensitive _idenyla|e c.vclase has 5{) nln) h_ng I,tl)act,o h.rnw_Jcnls tMamtuctt s,.xt¢_) raised ou artificial
heen ;,idl41, I'l'l'('ltl ly, by ihl, id,,lll il'ical illn _dan t'xl re,l.,ly t,,,.,h,, (( 'l,r,,litlli II,d.g,'al Supply). In ,,Ihor experiet,.nls. I'_ fractions

t'llrit!Jled slttlrt't. (ll' Iht' tqtzyllte ill l ]lt._ firefly lighl organ were prepared fr_,tn lilt' caudtlle nucleus II0 mg/ml), liver (50 mg/ml),

17). and hearl (50 mg/tnl) of :bmta,tl h-uld male Sprabnae-l)awley rats.

(7Olnl)nred wit h ol her cyclic AMP-associated illllille Adt,to.httt. cychls,, ,sscty. Adenylale cyelase activity of all tissues was

recel)It)rs (e.g., _,,-adrenergic, iS-adrenergic, Dl-dopami- measnred ill lest tubes containing (in 0.3 nail 81) mM Tris maleate, pH

nergic), there are relalivelv few synthetic agents which 7.4, I0 mM theophylline,/4 mM MgCI2, 11:1mu GTP, I).5 mM EGTA, 2
" trim ATI', 0.06 till _t|"1_ fra('l lion, and various compounds to he tested.

;ll'l _ i)ol(,nl llgOllisl.'-; of ()t'Hlpanline-sensilive a(tenyllll(' I'ri-r exit,'rillS,IllS Itad d_,h,rlitined Ihal, under these c,mditi(ms, ade

t'yt'hist'. Tht' (lllIV C(}llllnlLIll(IS Illl)rt' I)()(¢qit lhiln otqOl)a- nyhHe t'yt'lase aclivily was otltitnized 110). The various reaction tom-
thine itself are N-mclhyh_ctopamine, with a K, of about ponents Hninus ATe amt GTP) were mixed and allowed to stand for

one-half I hat of oclopamine (8), and a group of formam- Ill rain al 0". The enzyme rea¢tion (4 min at 30 °) was then initiated by

idine derivatives with from one-third to six times the addition of ATI' and (Tl'i', stopped by heating to 90 ° for 2 min, and

potency of octopamine 19-11). In some tissues (e.g., then centrifuged at 1000 × g tot 15 min to remove insoluble material.

firefly light organ and cockroach nerve cord), however, Cyclic AMP in the supernatant was measured by protein-binding assay

the formanfidines are i)artial rather than full agonists, 113). Ilmh.r these assay c_mdilions, enzyme activity was linear with

cat)ahle of exerl,ing inhibitory effects (In octopallline re- respect I_t lithe tilltl enzyule concentration, and phosphodiesterase

sponses, activity (nteasured hy the method of Filburn and Karn (14))was nearly
As an aid ill deternlining the physiological |'uncli()ns completely inhilfited. I'rolein concentration was determined by the

of octopanfine in intact cell systems, it would be advan- l.owry nielhod.
For reversibility studies (Table 6), tissue homogenate was first

lageous t() define additional coinpounds with potent preincuhated witti vehicle or drug, using the assay conditions described

agonislit: eft(_t'ls al ()ct()l)alllille re(,el)lors assc)cialed with above, exeepl thai ATI' was omitted. Ihunogenates were then diluted

lhe activalion of adenylale cyclase. I l_referably, a series Illll-lbhl wilh 6 ntM Tris maleate Iptt 7.4) and centrifuged at 100,000

of chemically rehtled derivatives with a range of poten- x g lor 30 nlin. The pellet was resuspended in 20 cc of buffer and

ties would be desiral|le. In the present paper, we identify respun. The final P2 pelh;t was resuspended 15 rag, wet weight/roll and

and characlerize a new t, henlica] class t)f oclo])alnille assayed I'-r hasal and hornioile-stimulaled adenylate cyclase activity,

agonisls, the substituled ells. z':t Biochemical structure- as described under Results and Discussion.
atqivily data on al)pr()xinlately 30 chemically related In some cases, the incuhation medium for the adenylate cyelase

(teriwllives wit h a wide rlll|ge ofoclopanlinergic potencies assay was nlttdified as follows to allow sohthilizatiun of hydrophohic
compounds, such as DI)(q)M. Stock solutions (10×) of compounds

are described. Some of these derivatives are full octopa- were initially dissolved in 100_% polyethylene glycol 400 (Baker), then

mine agonists with potencies up to almost 20 times that diluted to a final concentratio!n of 10% polyethylene glycol, which was

of octopamine itself. As described below, these active incorporated into the buffer, Extensive preliminary testing with a

derivatives exert potent physiological effects in insects, variety of solvents (polyethylene glycol, methanol, dimethyl sulfoxide,

inchtding stimulation of light emission in the firefly and propylene glycol), at concentrations from 1-50%, had established that

disruption of feeding in the tobacco hornworm. [u)lyethylene glycol caused the least change of enzyme activity. Thus,
ill content rations of polyethylene glycol up to 15% there was almost

MATERIALS AND METIIODS no alteration in the V,,. and K. for activation of light organ adenylate

Tissue preparation. Specimens of firefly, Photinus pyralis, were eyclase hy octopamine. Nonetheless, in all experiments, the activity of

collected in summer, frozen on dry ice, and stored in liquid N_. Under agonists was always measured relative to the activity of octopamine

these conditions, octopamine-sensitive enzyme activity remains stable run under the same solvent conditions.

lot 6 nnmths or longer (10). After thawing at 4 °, tail sections were Activation constants (K_)were calculated from dose-response curves

_pene(t, the ligl_t organs removed from the ventral cuticle, cleaned of conlaining 12-16 data l_lints, each assayed tor cyclic AMP content in
_tny adhering nonhullern lissue, and homogenized, l0 mg/ml, in 6 mM dul)lieale. For the more polelit compounds shown in Tahles l and 2,
........................................................................... dose-response curves were repeated from 2-5 times. In these tables, the

Because current pharmacological classification schemes (4) place relative potency of a particular agonist for activating adenylate cyclase

octopamine receplors coupled to adenylate cyclase under the octopa- is expressed through a potency ratio, which was calculated by dividing
mine-2 subtype, for convenience this terminology will be used in the the K, value fur octopamine (run in the same experiment) by the Ki

present article. However, the possibility should be borne in mind that value for the agonist. A ratio greater than 1 indicates greater potency
not all oetopamine-2 receptors may be coupled to adenylate cyclase than octopamine and vice versa. The relative maximum efficacy (V_.)
and that nol all oetopamine-stimulated cyclic AMP responses may lor a particular agonist is expressed as a percentage of the maximum

pharmacologically fit the octopamine-2 subtype, enzyme actiwition caused by Ol)timal concentrations of octopamine.

_A preliminary report descrihing some of these compounds has For inhihition curves, various concentrations of antagonist were

recently t)een published (12). tested against a fixed concentration of octopamine agonist (usually 1

The ahbreviations used are: PIt, 2qphenylimino)imidazolidine; or l0 uM). Stimulation in the presence of octopamine agonist plus

DCDM, N-demethyl-chlordimeform; DDCDM, N,N-didemethylchlof antagonist was calculated as the increase over that seen in the presence
dimelbrm; IBMX, 3-isobutyl-l-methylxanthine; NC-5, 2,6-diethyl-PIl; of antagonist alono. When necessary, a computerized sigmoidal curve-

NC-7, 2-chloro-4-methyl-lHl; NC-9, 2,4-dimethyl-Pll; NC-13, 2,4,6- fitting i)rogranl was utilized tbr curve fitting (15). Inhibitory constants

lrimelliyI-Pll; E(;'['A, ethylene glycol his(fl-aminoethyl ether)-N,N,N', { K,) Ior anlagunisls were caleltlated from lhe equation (16), K, = (ICao)/
N'-tetraacetic acid. I 1 + N/Ko), where IC_o was the concentration of antagonist necessary
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to give 50% inhibition of activity in the presence nf octopamine agonist,,_,'was the concentration ofoctolmmine ag(mist present (usually I or 10 _0 | t_'P_'_*

_.). and K_ was the concentration ofoctopamine agonist necessary, for +/7I__ _

half-maximal activation of adenylate cyclase activity in the particular mo

tiss_,e used. 90

Ff[ects on lil_ht emission. To measure the effects of dru_ on firefly .._

light emission, an isolated tail (terminal 3 abdominal segments con- _ _ anraining the light organ) of a fresh adult P. pyraE_ male was mounted 70

on a :t0.g stainless steel net,die and I_laced at the ftm'al point of an _ c=

optical system connected to a photometer-photomultiplier-chart re- _ '_ so
corder combination (12). Drug (dissolved h_ insect saline (17)) was "_ o_ +o
injected <in 3-5 ul) into tire alulominal cavity d<_rsal to the lantern and o

light emission recorded for 45 rain or until it peaked, following which 2 _
O '_ 40

the next (larger) dose of drug was injected. In the case of animals _" _ 3o
injected with drugs other than octopamine, following the last dose, 10
nmol of octopamine (a maximally effective dose) was injected. I,ight _ 2o
production is expressed as radiance, each nnit approximately equal to
1.6 nanowatts, as measured in a solid angle of 0.03:_ steradiants. _0

Effi'cts on insect behavior. To measure the effects of drugs on motor o , " '

and feeding behavior of'tobacco hornworms (M. sexta), drugs, dissolved -s -z -¢ -_ -4 -3 -;_.3

in 50% methanol/water, were applied as an aerosal to isolated hydrated hqonist Concentration, 1o9 M

tomato leaves (each maintained in a closed plexiglass container) and Ft(;. 1. Effects o/ octopamine (OCT) and four PII derivatives on

allowed to dry (12, lg). A group of six 3-day-old M. sexta larvae (reared firefly/il.,ht ort4an adenylate cyclase activity

on artificial media) were then placed on each leaf, and the amount of In both this fig'ure anti in Figs. 2-4, enzyme activity is expressed as

leaf remaining 72 hr later was measured. The "antifeeding activity" a percentage of the maximal stimulation caused by octopamine in the

observed was the net result of motor-behavioral disruption and not same experiment. Values shown are the mean (_+ range) of replicate

necessarily due to a specific effect on feeding (see below). As described samples, each assayed for cyclic AMP content in duplicate. The absence

in the text, the phosphodiesterase inhibitor, IBMX (0.l%), was mixed of error bars at. certain points indicates that the size of the error is

with drug and applied to all (both control and experimentaD leaves. At smaller than the size of the symbol. Typically, basal enzyme activity

the dose used, IBMX itself had little or no effect on the rate of leaf was I0 25 pmol/mg protein/rain, and octopamine, at optimal concen-
consumi)tion, t rat ions. stimulated t big _tt'tivity almut 50- fold. The results shown in

Boehringer lngelheim, Pfizer, American Cyanamid, Professor W. these experiments are typical of those seen in other experiments with

Soudijn (Leiden University}, and Professor G. LeClerc (Universit6 the same compounds. Kinetic constants are summarized in Tables 1
Louis Pasteur, Strasbourg) kindly supplied many of the PII analogs, and 2.
DCDM and DDCI)M (as the hydrochloride salt) was supplied by Dr.

H. M. l,eHaron. Phentolamine were supplied I)y Ciba-Geik,'y and cypro-

hepladine by Merck. M,)st common reagents were olflained fr,,m Sigma. see Fig. 2), NC-5 is the must potent activator of firetly
ot'l<)lmn|ine-set|sil ire mlenylah, t'ychme ye! reported.

RESUI,TS AND I)IS('USSION A nunfl)er of PIi deriwtt.ives were partial agonists of
Stimulatory effects' of Plls on light organ adenyktte light organ adenylate cyclase, with V,... values which

cyclase. Previous studies have shnwn that the firefly light ranged from 1-85% that of octopamine and with poten-
organ contains an <,ctopamine-sensitive adenylate cy- cies which varied from 0. l-10 times that <,f octopamine.
clase of high specific activity (7. 10). This enzyme is Fig. I shows, for example, the effect of 2,6-dichh)ro-Pll
st, h,clive for _wlop:tmine and slrtwlttrnlly relntt,tl I_ht'n- ((']¢mhline), which th,mnnslrn(ed a V, ..... of 35% and a

yhqhanolatnines. A(ldilivily anti antagonist studies litil i)olency raiit_ c()mlmred In oClOl)at||im, (1(,, oclnlmmhw /

to support the presence, in the light organ, of other K. lest compotmd) of 1).95. Although there was some
amine-stimulated adenylaie cyclases, such as those acti- variahilily among different experiments, in the absolute
w_letl hy th)l)amine, norelfinel_hrine, serolo|fin, or hisln- K,, values [)1"various deriwllives, lhe lmlt'ncy ralio t)l' a
mine. Because of the seh'clivily of the light, organ en- given t'¢)ml)ound (relative to oclol)amine) remained quite
zyme. the Plls were initially screened and characterized repro(h,cihh,. Fig. I shows thal the unsul)sliluted PII
for ocl()l)mnint,rgic a('l ivity hy measuring their el'li,ct =m (h,riwtt iv(,, N( '_ lil. was wit Imtll ag_mi,_t a('t iviiy.

'|(tenylate ('yclase in 1'2 fractions ()1' !'. ])yrali._ light or- :4timtd_m_ry cffi,cts ofo(.tolmnfinc and _>l/tcr ochq>aminc

gans. at_,onists. For purl)oses of comparison, Fig. 2 shows the

Fig. 1 shows (hi' I)Ott'nt slitm,lalion of lighl organ aclivalinn of lighl organ adenylale cvclase I)y nclopa-

adenylate cyclase hy three I'll derivatives. [n this and mine, chemically a I!)ht'tkvh'thantdamine. In the exl)eri-

other experiments, NC-5 (2,6-diethyl PII) and NC,-13 ment shown, the K,, of octol)amine for stimulation of the

(2,4,6-trimethyl PII)were fitll agonists, with V ..... values enzwne was alto(it _,0 pM and in various exl)eriments

not significantly differtmt from Ihe enzyme V ...... pro- ranged I'r()nt 15 40 pM. At maximally effective concen-

duced hy octolmmine. In the exl)eriment shown, Ihe K,, lralions of oCtOlmmine, enzynw aclivily was slinu|laled,
li)r adenvlale cvchtse m'(ivqlion hy NC-5 was 1.5 pM and lylficalb,,, aluutl 5() Ibhl over Ims=d levels. Wt' have I)re-

I',_r N(' 13, _ pM. lit Vl|l'iluls i'Xlmt'ilnenls, Ihe II_fll'nt,'y o1' _hnlsly r,'l,_rled Iha,I, in tin, sultu, liSStl,, al ¢'cmcenlrn

NC-5 varied from 132g times thai of octolmmine (mean lions up In 201)0 pM, d(qmmine, serolonin, and isoproler-
+ S.E. = 19 + 3.,5) and that of NC-13 varied from 3-5 enol are less than 2% as effective as octopamine in
times that of octopamine (mean = 4.3 + (/.2). Compared activating adenylate cyclase (10, 12). At 5(/00 pM, isopro-
with other chemical classes of octopamine agonists.(e.g., terenol stimulation is less tban 10% that of octopamine.

I Ill II III III J_. L I [[Jllllllllll I [ II IIll I L .L III I [ I II I. II L _ [ X_I [
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Dio ",-I-dinwlhyl PII (N(' ,q) (ratio = 5.1), '2,.t-dichloro (ratio

o/_/f-o _ = 3.7), 2,4,5-trichloro (ratio = 2.8 + 0.1), and 2-methyl-

_oo " "". 3-bronto(rillio= 2.9).

.,o {;,'ealerenzyme aclivalitm(V.,..)lilt)earedIv l)efa-
wn'ed hy short chain alkyl (methyl or ethyl) substitutions

i_ 2 0o in Ihe 2-, .1-, or 6-posit imps of tile aromatic ring. Halogen
5 _ suhslilulions were loss effeclive. I"_w example, the 2,,I-

> m DCDM dimelhyl derivative hatl almost twice the V..,= and po-

_o _z 6o tency as tile 2,4-dichlom derivative. Among di-substi-
o g : toted derivatives, tile presence of alkyl groulls on the 2-

o o so /_ //OCT \ and 6-positions near the imidazolidine side chain seemedo _ particularly important, q hu., the 2-methyl-4-chloro de-4.- _ S

=.. : ._,) / rivat ire had almost twice t he V.... and was 10 times morea_ _ I)_)lelll Ihan tilt' posili.nal is.mr,r, 2-chloro-,/-nwthyl-
<'° eo Pll. Also, the V,..... of tile 2,(i-dimethyl derivative was

_.,) times thai of the 2,6-dichloro derivative (Ta-
iv s hie 2), and tile V ......of tile 2-chloro-6-methyl derivative

O

0 // , , t, _ , J , was intermediate.
-t -6 -s -4 -s -2 s The above data suggest that the phenyl ring substitu-

hoonist Concentration, log M lion requirements lbr P|I deriwttives active at octopa-

I,'m. 2. I,;ll,,ct,_,4 the f.rm.midin,' (D('I)M) ,.td t/,' pl ,'to,h'tt_unol- ntine-2 receptors differ substantially t'rmn tile substitu-
.mine (sytwphrine tSYN)), conlpared u'ith octopanffne(lit'T), on light lion requirements for phenylethylamines active as octo-
,,_,.n .,h,nvl.t,, o,,,I,_.setwtivity imnlinergic agonists. Further evidence for this difference

Activilyis as describedin the legendt_ Fig.I. is seen in the extremely low activity of the catechol
analog, S 1 -194,, a PI1 derivative with ring substitutions
like those of norepinephrine. Thus, whereas norepineph-

The effects of synel)hrine (N-methyloctopamine), t he rine is a full agonist of light organ adenylate cyclase with
nlost potent phenylethanolanline we have yet tested, is a potency ratio of about 0.1 (12), ST-1943 is almost
also shown in Fig. '2. In inost experiments, this compound completely devoid of activity.
was about 1.5- 2 times as potent as octopamine, with a F[fi,cts of alkyl substitution size on activity. Increasing
eomparalfie V ...... Stimulation by maximally effective chain length from methyl to ethyl for the 2,6-disubsti-
concentrations of synephrine was nonadditive with that tuted derivative caused a small increase in Vm.. and a
produced by maximally effective concentrations of octo- marked increase in potency. Indeed, as mentioned above,
I)amine. NC-5 in the most t)otent agonist of octollanline-sensitive

Fig. '2 also shows the effects of the tbrmamidine deriv- adenylate cyclase yet reported. It was of interest, there-
ative, monodemethylchlordimelbrm (DCDM), the most fore, to determine if an additional increase in alkyl chain
potent (in terms of adenylate cyclase activation) size woukl further enhance octopaminergic activity. Al-

formamidine that we or others have yet reported (9, 10): though we were unable to obtain the 2,6-di-N-propyl
As described previously, DCDM is a l)artial agonist of derivative, we were able to obtain and test 2;6-di isopro-
light organ a(tenylate cy('lase activity (10). When increas- pyl-Pll. As shown in Table 1, this derivative has a V......
ing doses of DCI)M are added to a maximally effective of only 28% that of octopamine, which is considerably
dose of octopamine, there is a progressive partial inhi- less than that of both the 2,6-diethyl derivative and 2,6-
bition of the octopamine response, with an ECso of about dimethyl derivative. The potency of the diisopropyl com-
200 gm (data not shown), pound is also much less than that of NC-5, although

Structure-activity relationships of the phenyliminoim- greater than that of the dimethyl derivative. Thus, ex-
idazolidim',s. Tal)le I lists the kinetic data ot)tained for a cessive bulkiness at the '2- and 6-1)ositions of the phenyl
series of mono-, di-, and tri-sul)stituted PII derivatives, ring appears to create interference both with binding and
Table '2 lists similar data for mono-substituted deriva- with activation of the adenylate cyclase enzyme. Because
tires of the phenyliminoimidazolidine, clonidine (2,6- of a limitation in the availability of certain derivatives,
dichloro-PlI). Shown fbr each compound is the Vo_, we have not yet determined the optimal size of alkyl 2,6-

= 100._,) for activating light substitutions. It is possible that asymmetrical substitu-(relative to octot)amine o

organ adenylate cyclase, as well as the potency ratio, the ents (e.g., 2-methyl-6-ethyl or 2-ethyl-6-N-propyl) could
calculation of which in described under Materials and have more activity than the 2,6-diethyl derivative.
Methods. As can l)e seen in Table 1, in addition to NC- Tri-substituted derivatives. Experiments with tri-sub-
5 and NC-13, other potent PI1 analogs included 2- stituted derivatives revealed that, in compounds already
methyl-4-chloro PII (NC-7) (potency ratio = 8.6 + 1.1), substituted at the 2- and 6-phenyl positions, additional

' In preliminary tests, we have found that certain difunctional substitution of either an alkyl or halo group at the 4-
formamidinesof the general form (R-phenyl-HN=C)2 may exceed the position substantially increased activity. Thus, adding a
potency of I)('I)M. th)wew,r, it is likely that such difunetional corn- 4-methyl group to the 2,6-dimethyl derivative further
pounds are not acting directly but, instead, are undergoing hydrolysis increased Wmax alld increased l)olency almost 10-fold.
to tw,)monofunetional torms. Addition of a 4-chloro group to the 2,6-dichloro deriva-
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TAaLE 1

Octopamine receptor activity of 2-(phenylimino)imidazolidines

Activity (stimulalion of light organ adenylate cyclase) is expressed relative to the activity af oCtopamine (V=,, = ItX)%; Ko ratio= 1) run in

the same experiment. Typically, basal adenylate cyclase activity was 15 + 5 pmol/mg of protein/re!n, and octopamine (OCT) stimulation at Vm_
was 50-fold. Tbus, a Vm,, of only 9% (e.g., NC-2) still represents about a 4.5-fold stimulation of basal activity. Results here and in Table 2 are a

compilation of a number of experiments. When an individual compound was tested mare than once, values shown are mean (_+S.E.M.). NA, no

activity.
i

Compound 5 6 H (R') Vm, _.g¢ (OCT) .

___ _N-- 1 (% OCT) Ko compound
4 N:

a I
R'

NC-IO H NA NA
NC-12 4-Br H 34 3.0
I)S-22" 4-CI H 17 2.4

ST-608 2-CI, 3-CHa H 43 0.15

ST-606 2-CH._, 3-Br H 45 2.9

NC-8 2-CI, 4-CI H 47 3.7

ST-375 2-CI, 4-CHa H 41 0.62

NC-7 2-CHa, 4-CI H 69 _+6 8.6 _+ l.I
NC-9 2-CH._, 4-CH:t H 78 5. I
ST-6(X) 2-CHa, 5-F I{ 16 0.50

NC-2 2-CI, 5-CI H 9 l.l
NC-6 2-Br, 6-Fir H 35 + 1 2.1 + 0.1
Chmidine 2-CI, 6-CI FI 35 0.95

ST-93 2-CI, 6-CH._ H 69 0.:12

NC-4 2-CH._, 6-CH._ H 80 0.41

NC-5 2-CH2CH._, 6-CH2CH_, H 97 _+6 19.0 _+_3.5

AC-82- I 2-CH2CH._, 6-CH2CH._ (]Ha 98 0.95

NC-20 2,6-diisopropyl H 28 1.95
ST- 1943 3-OH, 4-OH H NA NA

NC-3 2-CI, 4-CI, 5-C1 H 80 _+3 2.8 _+0.1

NC-13 2-CHa, 4-CH._, 6-CH._ H 108 +_6 4.3 +_0.1

UK- 14::1()4-11_ _ H 22 0.12

° DeJong and Soudijn (25), compound 22.

TABI.E 2

Octopamine receptor activity of clonidine analogs

Activity (stimulation of light organ adenylate cyclase) is expressed relative to the acfivily of oOopamine (V_, = 100%; K, ratio = 1) run in

the same experiment. Typically, basal adenylate cyclase activity was 15 + 5 pmol/mg pratein/mitl, and octopamine (OCT) stimulation at V,,,
was 50-fold.

I I V_,,, Ix',,(()CT)(,omp(amd 5 6
- --=- =-= /N-] (% OCT) K, compaund

\ /N

R tt

('hmhline 2-1'1. (; CI 35 11.95
N( _-I I 2-CI. ,l-('l, IL(',I t;o 1.9
NC-14 2-CI, 4-NH2, 6-C1 29 0.7
ST-666 2-CI, 4-OH, 6-CI 34 1.7

N(:-15 24'1, 4-N(CI l:0_, (L('I 3_ ± 13 1.14± 0.5
NC-16 2-CI, 4-NCII._I(:ll2('H_(:I). 6-CI _6 +_ I ,1.14_+_+2.9

NC-17 2-CI, ,t-CH_N(_H_((:FI2(_ll2(:I), 6-CI NA _ NA

" NA, no m,livily.

II_l'_llI Ilii ll_ Ill _l I II II[llll Ill II I [I .................... [ .... I I ........... I....................
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live ,I,_ul,h',l I).lh _,',.....toldI"_ll'l|cy ('l'_d,le 2). A,Idili,,. TAm,F: ;{

_1"a .I-chlol'o grotq) t_) tim relal ively hmctive 2,5-dicllloro I),.I I_(tllizt.' _ I'¢_'[Jl,,l!¢l_'li_q'13'O[ 2ben.ylimid._oline,s
derivalive iP.('reased V,.._ by ahnos| 9-fold. Because of Activilv measurelzleIH.sas describedin Tables 1 and 2.

tiw high I)otem'y -f the 2,(;-diethyl derivative, it is Ires - (,,,ml_,,uml li L',.... K,,(OCT) .
sible l lint 2,(;-diet hyl derivatives substituted with a lmlo 5 6 (% OCT) K. compound

--- =.... i N

,,r alkyl gr,,ul, in the 4-1,osition could l)e quite active. ._. _ _ \'N |Addition .f a q hydroxy group t. ilw 2,(i-dichl.r. 4_: _, oH, ( --_
deriv_tt ire _tl._ im're_tm,d :a'l ivilv wil h altm_sI :idt)ul)lizlg :_ ",i_ I
of p_lem'y (Table 2). I lowever, additional derivatives 1{'
will have to be tested before it can lie eon{'luded that this
enhant:ing effect of-l-hydroxylaliotl is similar to the 'l'olazt,line It 14 <1).07
enhancing effect of 4-substitution of a halo or alkyl ST-1913 2-(?1,6-C1 H 17 1.9
group, l),'q-11)" 2-CI,li-CI CHa NAb NA

I llllil_e 1_sul_st il_ll i_)ll ,fl' hah), :llkvl _r hydr_xv groul_S ,'-;T71 2,.I,(iirilm,Ihy! II '2'2 5.5
addiliot_ _)f a-I-mmtm group to 2,6dichh)ro-lql (oh)hi-
dine) ('l'abh_ 2) resulted in a decrease in potency. This Naphazolim' _){:__32. II .tl 3.1
decre_lsed potency of ,I-amino-chmidine COmlmred with (,_
clonidine is of interest, since it is one of the structure- _# :
activity relationships (see below) that helps to distin-
guish PIIs wilh I)olelll .,,.adrenergic agonist activity '_lJe,h_ngm_dSoudijn(25),Compound10.b

1'1"_)1|1Ihose derivatives with I)()lell| ocl_q)anlinergic acliv- NA,lapm.livi|y.
ity. Thus, 4-amitm-subslitution of ¢hmidine markedly
im;reases potency at .,.,-adrenergic receptors (see Table a ring structure or by N-methylation) is favorable for
fi) but, as shown, decreases ability to activate oetopa- binding bul that excessive bulkiness (created by the
mine-sensitive adenylate cyclase, combination of a ring structure and N-methylation) is

E[/ects o[ bromo-substitution. Substituting a bromo for not,
a ehh)ro group increased octol)amine agonist activity. 2-Benzylimidazolines. The henzylimidazolines are re-
Thus, 4-bromo-l'll had about twice the V ..... of the 4- lated to the Plls but diiffer in lmving a carbon rather
chloro deriwaive. Also, 2,6-ditm)mo-Pll had ahout 1.5 than a nitrogen atom adjacent to the substituted phenyl
times ! lit, pot ency of the 2,(Ldichloro deriw_tive. In future ring (see Table 3). l_lecajuse the benzylimidazolines have
studies, it will be of interest to determine if 2-methyl-4- structural similarities to both l)lls and to phenyletha-
i)romo-l)lI (which could not he obtained h)r the current nolamines (such as octopamine), it was ot' interest to
studies) is re.re m_tive than the already potent 2-methyl- determine whether these compounds would act as ago-
-l-chh>ro deriwltive, t_isls of oct opamine-sensitive adenylate cyclase. The ben-

E[[uc't,s .[ N-methylotion. Among the phenylethanola- zylimidazolines are of additional interest since, on the
mines and lhe f.rmanfidines, addition of an N-methyl hasis of physioh)gical studies, two of them (naphazoline
group t,_ the terminal nitrogen increases potency at, uc- and tolazoline) trove been proposed as heing key com-
topamine-2 receptors. Thus, N-methyloctopamine pounds in distinguishing among various octopamine re-
(synephrine) is almost twice as potent as octopamine ceptor subtypes (4)•
(Fig. 2), and the corresponding N-methylformamidine However, Tal)le 3, wliich summarizes the kinetic data
deriw_tive (1)CDM) is about twice as potent as the de- from various dose-response curves, shows that the ben-
methylated derivative, DDCDM (10). To determine how zylimidazolines were only partial agonists of light organ
methylation of one of the imidazolidine ring nitrogens adenylate cyclase. Of particular interest was the compar-
might alter activity, we examined the effect of adding an ison between NC-13 (Table 1) and the corresponding
N-methyl group to the already potent 2,6-diethyl deriv- benzylimidazoline compound, ST-71 (2(2,4,6-trimeth-
ative. As shown in Tahle 1, there was no change in V,,,._ yl)imidazoline) (Table 3). Substitution of a side chain
of the methylated derivative hut there was a marked carbon for a nitrogen Caused little change in potency
{over 10-fold) decrease in potency. We observed a similar ratio but resulted in a miarked decrease in Vm_, from 100
decrease in octopaminergic activity following N-methyl- to 22%. Thus, ST-71 appears to be able to bind to the
ation of 2-(2,6-dichloro)-benzylimidazoline (Table 3), a light organ octopamine receptor but is not able to cause
compound which, unlike the PIIs but like octopamine, full activation of adenylate cyclase. Consistent with this
has a carbon rather than a nitrogen adjacent to the was the observation that, in additivity studies with pc-
substituted phenyl ring (see below), topamine, ST-71 was able to act as a potent partial

Because the 2-1)enzylimidazolines do have an imida- antagonist of octopamine-stimulated enzyme activity
zoline ring, the observed decrease in activity seen with (data not shown).
N-methylation suggests that the N-terminal ring struc- Naphazoline (2[1-naphthylmethyl]imidazoline) has
ture is the key feature distinguishing the enhancing been reported by Evans to be the most effective of several
effects on potency ohserved following N-methylation of agonists affecting locust muscle (SETi) twitch tension,
the phenylethanolamines and formamidines from the a putative octopamine-modulated response (4). In the
negative effects observed tollowing N-methylation of the locust, naphazoline was a full agonist with a potency
Plls and 2-benzylimidazolines. Possibly, this indicates ranging from I 1-fold (on tension) to 200-fold (on relax-
that a certain degree of steric bulkiness (created by either ation rate) that of octopamine, itself. In contrast, in the
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present experiments, naphazoline was a partial agonist TABLE4
of light organ adenylate cyclase, with a V.,.x of ,11%. Nonadditive effi,ct,_,_foctopamine, phenylimint,imidazolidincs,and
Although its K. ratio was 3.1 (Table 3), absolute stimu- fi_rmarnidincson lightiorgan actopamine-activatcdadenylate cyclase

lation at any concentration was always less than that of Valuesshown are the means (± ranges) for two determinations, each
octopamine (Fig. 3). assayed for activity in d_Jplicate.

Also interesting (in terms of differential physiological Compound Adenylatecyclase activity
and biochemical effects) was the effect of tolazoline (2- pmol/mg protein/min
benzyl-2-imidazoline). In physiological experiments on None l0 _+l
locust muscle, tolazoline has been reported to be a full Octopamine (l rnM) 540 -. 95
agonist which in either equipotent (octopamine2A re- NC-5 (100t_m) 470 _+80
sponse), somewhat more potent (octopamine2B response), DCDM (100 _M) 440 _ 15
or substantially more potent (oetopamine_ response) Octopamine + N!C-5 485 ± 10
than octopamine itself (4). However, in the light organ, Octopamine + DC,DM 425 +_40
tolazoline was almost devoid of activity, with a potency NC-,5+ DCDM 430 _+15
ratio of less than 0.07 and a Vm.. of only 14% of octopa-
mine (Table 3 and Fig. 3).

It is interesting that the above differences in potency latter explanation would be consistent with other data
may not entirely be due to species variation (see also (such as the use of forskolin and IBMX) which suggest
below), since recent studies of cyclic AMP accumulation that at least some oif the effects of the benzylimidazolines
in intact locust muscle yield data more nearly similar to on locust muscle tension may be mediated by octopamine
that in Table 3 than to previously reported physiological receptors linked to!adenylate cyclase (5, 19).
data from locust muscle (4). Thus, in contrast to their In addition to the above structure-activity experi-
potent physiological effects on twitch tension, naphazo- ments, other studies (described below) were run to in-
line and tolazoline are both weak partial agonists of vestigate the relationship between the activation of light
cyclic AMP accumulation in isolated locust muscle (5). organ adenylate cyvlase by the Plls and by octopamine.

The above, as well as our own results, do not necessar- Additit,ity studieS. At maximally effective concen! ra-
lly imply that the benzylimidazolines are poor agonists lions, the His, formamidines, and octopamine were non-
of all octopamine receptors. It is possible that the potent additive in their effects on light organ adenylate cyclase
physitdol,,ical effects of benzylimidazolines on locust mus- activity. An example of a lyl)ieal addilivity study is
cle could be due to the presence of spare receptors or to shown in Table 4, with NC-5, DCDM, and octopamine.
the stimulation of octopamine receptors not associated Lack of additivity was also shown by His tested in a
with a cyclic AMP mechanism. On the other hand, the series of doses against a submaximal dose ofoctopamine.
greater potency of benzylimidazolines (relative to octo- An example of su(,h an experiment, with NC-13 and
pamine) in physiological studies could also be due to octopamine, in shown in Fig. 4A. These types of data,
other factors, such as differential mel abolism (e.A'., reup- COul)led with anla_onist and physiological studies (be-
take, conjugation, oxidation, and N-acetylation (1)).This low), suggest that the l'lls and oclol)amine are affecting

a similar class of receptors.
l(lhibition of PII stimulation by receptor antagonists.

/]"_+I To supply additional evidence that the Plls may be

leo, activating light organ adenylate cyclase through inter-
action with a class of oclopamine receptors, experiments

9o were carried ou! to block agonisl activa! ion through t he
8o use of coml)ounds known to coml)etitively bh)ck octopa-

ifi. _ 0CT• mine-sensitive adenylate cyclase. Because no single an-
o E 7o / tagonisl has yet been characterized as being specific fi)r

® ® / -CtOl)aminergic resi)ons('s, lhe lhrce inhil)ilors Icsh, du, c_ so (Cvl)r-hel)la(lin(,, I)henlol'unine, an(l i)ropranolol) areE • •
u:__,° ,_o / Ih.._c which IMve heen most frequcnllv, ulilized in pre

o o / vim,sly puhlishe(lI)i()('ht,nfical amt I)hysi-logical studies2 _ 4o of och)pamine receptor t)lockade (1-3). These antago-Naphazoline

2 _ 30 /_o_Se _,O_o_ ° nisls display a range of l)otencies agains! octol)amine-P sensitive a(lenvlate rvclasc (10).
v _o Tahle 5 lists the K, values (l(.ternfint.(t from inhil)ilion

yIo A_--.A ('xl)erimt,nts in which llw c-m'enlrnli.n of I'II ngonisI

,__ozollne_ IN(' 5) was lu,hl c._lsl:ml mill l lw ,',recent ral i...f :mo _.'p_' __" , j tagouist was vari(,(l. The .hserve(I I(',_,..logeiher wilh lhe
-s -5 -4 -3 -z3 agonisl sul)slraie concentration and the K,, for enzyme
Agonist Concentration , logM a('tivali()n I)y the ngmlisI (determined separately), wt, re

FIt;. ;L I.;[fi._.t._,,[thc 26eno'limidaz.line,_,naph.:.line, .rid t.hxz.- used t() (';d('u]al(, the /(, valu(.s sh()wn. (]n olher expert-
line. c,,mp,m'd with ,,,'t,q,amin,'(Or'T). ,,, li.z'ht,,r_,,mmh'nyhm' o'ch,._,' ment.'_, beh)w, we de!!ermined !hal the I'lls cause;wliva-
,..ti,.ity lhul(d'.ct_qrmlim, Srnsil iv(' mh'nvlate ¢'),'l;_s,.Ibr.Hk,h .i

Ih,huls.I dala I.'_,scnlali._ are d_,scrihedin IIw h,_rndh, I"i_.I. I'("(UI'Si]I]( _ Ililldil|_ I() (Wllq);llllill(' I'('cI'IH()I's.)

..... i i _v _ii I_:::" : il lilfj_11_tll]::_i]ii.:i.] __ " _ ................ i __ Ill II Jl I..... I I ......
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12o _ _'_ A. .values reveals a substantial correspondence hoth in ah-+a,,_ st)hilt' anti relative l)otlencies. Thus, anlong the three
Ioo ,if _ agonists, the ratio of Ki values for phentolamine versus

¢/ Cyl)rohel,tadine falls within a fairly narr,lw range, frtlm
80 * OC (i 9. lCurl hel'lllOl'e, l lit, li_ll h) ()l' Ix', vahlt,S for l)r(q)ranohd

60 vcrsu.,_ i)het|tohl|ninm ranges truly froln 2.1"_-;I.8. These
•U]//° I't'stllls, together with other data (I)eh)w), SUlll)orl the

40 °-,//"'"t / cT possilfilily thai lilt, slilnlhltorv acti(m of tilt, I)lls on/o light t)rgal| adenyh|te cyiclase occurs thrt>ugla a reversible

2o _o till(ling to receptors simihtr to those of the octopamine-

c -7 -6 -5 -4 -+ -3+ l¢eversibility o] slitnul_tliolz, l,ight organ adenylate cy-
>, NC 13, log M clase activation by octopamine is known to be reversible
"7, _ (l(I). [hertq||re, tilt, above describe(t ._i|nilarity <if K,

"= _ +0 B. v_,h|t's I'-r various mllagonists ill inhihitil|g light organ
> adcnyhlte cychise st ilmdation I)y t)ctopamine versus NC-

,o T",oct 5 suggesls thal enzyme activation by the Plls nmy alsoQ) aJ •
.S • l)e reversible. More direct evidence for reversihility was
E 3o "_ obtained from other experiments in which light organg,g

o o 20 • homogenates were first preincubated with a PII, then
o "_% washed, and enzymt, activity sul)sequentlv determinedat,O •

•_ ._ l0 -OCT _._o _,,__ I)t)l h ill lilt, ,:'lllSt, llt't' i.llltl l)resetlce t)l' agotlist. All exantl)le
_" *_ 0 q_,__©....__,,_o , , "_t of such an experiment :is shown in Talfle 6 lbr NC-16.
o .-. c '/ -7 -6 -5 -4 -3 -z3 The degree of reversibility of this derivative was of

<'_ NC 16, log M ' particular interest, since the p-chlorethyl substitution on
this compound is similar to that on certain other com-
pounds (such as phenoxybenzamine and some alkylating

50 C. agents) which are known to exhibit irreversible bin(ling

4o "'-/Z... .0or to memllrane t)roleins (21)). Tal)le 6 (first data ctllumn)

"-alp... _. _ shows that l)reincuhation of the enzyme with NC-16,50 " followed Ily two washings with I)ul'fer, resulted in no
!
i significant residual activation of adenylate cyclase. As20

shown in the next two columns, the enzyme could be
t restimt,lated by either NC-16 t)r by oCtOl)amine. TheseI0 i

-OCT "_._ data suggest that+ NC-16 and octopamine bind reversibly
o ,_ '_ _ to the light organ t)ctot)amine-2 receptor. Similar revers-

o c_f,__7 -s -5 -4 -3 -2_ il)ility has also heen rel)orted for the formamidines (10).
NC 17, log M Partial agonism attd antagonism. As shown in Tables

Fl(,. 4. Effi,cts of PII derivatives on light organ adenylate cycla,+e 1 and 2, a number of PII derivatives were part!al agonists,
activity, in tit+, absence or presence of a fixed (10 #M) concentration of tailing to fully activate adenylate cyclase even at high
,J,'t,,pamine (tK'7') concentrations. Anloltg the partial agonists, some bound

Part A shows the full agonist effect of NC-13; Part B, the partial with high atTinity, such as NC-7 (potency ratio = 8.6 ___
agonist effect of NC+ 16; anti Part C, the antagonist effect of NC-t7, a

derivative which lacks any agonist activity.

TABLE 6

TABI.E 5 Reversibility o/receptor-mediated stimulation o[ light organ adenylate

Cah'ulated K, values [or various antagonists in inhibiting the cyelase by octopamine or by NC-16 (4-[chlorethylmethylaminol]
stimulation af light organ adenylate eyclase activity by either NC-5 clonidine)

(1 uM), octopamine (OCT) (10 uM), or DCDM (10 uM) Light organ honmgenate was preincubated tor 5 rain at 30* with

Compound Ki (left column) octopamine, NC-16, or no drug. Homogenates were then

washed twice as described in text and P_ fraction retested (right-hand

NC-5 OCT DCDM three columns) tbr basal, octopamine-stimulated, or NC-16-stimulated
#M adenylate cyclase activity. Values are the means (_+ range) of two

Cyproheptadine 4 6 2 determinations, each assayed Ibr activity in duplicate.

Phentolamine 23 46 18 Pretreatment with P0st-washing adenylate cyclase activity
Propranolol 72 175 50

Basal OCT (1 raM) NC-16 (100 t_M)

prnol/rng proteinrain

Also shown in 'Fable 5 are the K_ values tbr the same No drug 23 ± 1 1150+ 250 270 =1:5
antagonists determined from their ability to inhibit light Octopamine (l raM) 69 :t=2 1250 ± 30 260 _+25

organ enzyme activation either by octopamine or by the NC-16 (1 raM) "15 ± 5 1025 _ 35 170 _ 10

tbrmamidine, DCDM. Comparison of these three sets of NO pretreatment 39 ± 2 1120 + 60 210 _+5
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1.l: Vm.. = 69 4- 6%) and NC-16 (potency = 4.8 4- 2.9; of this data, compa!res in four tissues the relative ability
Vm.. = 6 ± 1%). Other partial agonists I)ound with low of NC-5, DCDM, octopamine, isoproterenol, and dopa-
affinity, such as ST-608 (potency ratio = 0.15; Vm°x---- mine to activate adenylate cyclase. At the particular
4,3%) and UK 14304-18 (potency ratio = 0.12; Vmax ---- doses shown, NC-5 was 15 times more potent than oe-
22%). topaminein the lightorgan but less than 1%as potent

Those partial agonists binding with high affinity were as dopamine in stimulating adenylate cyclase in the
able to act as effective partial antagonists. Fig. 4B, for caudate and less than 1% as potent as isoproterenol in
example, shows the effect of increasing concentrations activating enzyme activity in the heart or liver.
of"NC-16 on a fixed l0 pM concentration of octopamine. Relationship to ¢i-adrenergic receptors. A number of
NC-16 progressively inhibited octopamine stimulation to PIIs are known to bind to mammalian a2-adrenergic
a maximum inhibition of greater than 90%. The ICs0 for receptors (24, 25). The question arises, therefore, as to
this effect was about 15 pM and the calculated K;, about whether the potency of PIIs as agonists of octopamine-
10 tiM. Above 1 raM, NC-16 alone showed a negative sensitive adenylate cyclase could be due to the fact that
cooperative effect on adenylate cyclase activation, with they are affecting a class of octopamine receptors similar
almost no enzyme stimulation occurring at. 5 mM. This in binding characteristics to mammalian tv2-adrenergic
negative cooperativity at higher concentrations was char- recel)tors. Several lines of evidence suggest that this is
acteristic of a number of the other PIIs which also not the case and that the light organ octopamine recep-
showed partial agonist effects, tors can be clearly distinguished from (Y2-receptors.Most

Fig. 4C shows the effects of NC-17, a derivative which obviously, mammalian ¢_2-adrenergic receptors are
showed no significant, agonist activity (see Table 2). At known to couple in a negative fashion to adenylate
1 mM, however, NC-17 was able to nearly completely cyclase, causing an inhibition of enzyme activity (26),
block the effects ot' 10 pM octopamine. Thus, NC-17 whereas in the light organ the Plls are positively coupled
displayed characteristics suggesting that it is an antago- to adenylate cyclase activity, causing a stimulation of
nist of octopamine-activated adenylate cyclase (calcu- enzymeactivity.
lated Ki = 225 pM) lacking any significant agonist activ- Furlhermore, we :have conlpared the relative binding
ity. affinities (Kn)of various Plls Ibr mammalian (_2-adre-

Effects el Plls on adrenerl4ic- and dopaminergic-stim- nergic receptors Io their relative potencies (K.) as ago-
ulated adenylate cyclase. To determine the selectivity of nisls of(wlolmminc+sensilivc adenylale cyclnse and have
the Plls for activation ofuc[ol)anfine-sensitive a(leny'lale tbun(I a very l)our relationshil) between these two char-
cyclase, NC-5, the most potent, agonist of the light, organ acleristics. Table 8:lists such data. For over 20 deriva-
enzyme, was tested fi)r its effects in tissues known to lives, the calculaled correlation coefficienl t)elween data
contain adenylale cyclases activaled by other phenyleth- for ,v_-a(Irenergic I)ill(ling and data li)r aclivation of oc-
ylamines but not by octopamine. These tissues included topanfine-sensilive adenylale cyclase was -0.18, which
the rat caudate nucleus, known to c(mtain a dopamine- was wilhout slalislical significance. Tal)le 8 reveals thai
sensitive adenylatc cyclase (21); ral heart ventricle, several derivalivcs, such as [1K-1,1;10,1-18 ()r l)-mnin(_-
known tu contain a predominately fll-adrenergic-sensi- ch)nidine (N(_-14), which have high affinity for ,vz-adre-
tive adenylate cyclase (22); and the rat liver, known to nergic receptors, were quite weak at the light, organ
contain a fl2-adrenergic-sensitive adenylate cyclase (22). octol)amine re('eptor. Conversely, derivatives such as
In addition to NC-5, octopamine and the formamidine, NC-5 or NC-7, with relatively low affinity tot t_.,adre-
DCDM, were also tested in each tissue. The results from nergic receptors, were quite potent as agonists of octo-
dose-resl)onse sludies, which have hecn reported in detail pamine-sensilive atlenylaie cyclase.
elsewhere (1(), 12, 23), showed thal N('_-5 is an extremely In other studies, we evahmled the al)ility of a number
weak agonist of dnpaminergic- and fl-adrenergic-sensi- of known antagonists to block activation uf light organ
tive adenylate cyclases. Table 7, which summarizes some adenylate cyclase hy octopamine. We then compared the

cah'uhlle(I K_ values ()f such COml)ounds wiih lhe h',
TAIII.E 7 values ()f lhcse SalllO ('Ollll)ounds Hs mltag()nisls ()[' mmn-

,%'h'ctit'ttytJfrWlOl)tmmw(Ot'T) ptet vlimm itmta:(lidmcs(N('.SI. IllHliIIII .':,-;Idrcll('rgic re('('lil(ir silos, :is (hqorlilillc(t from
[(,rm,m.dm,,_ H)t'I)M). trodctlh','hohmHnc._(d(q)mnim' fl)AJ trod I),ldish(,(II:'II I('hmi(lim, I)i.(ling ('Xl)i'rimeuls (2,1). 'l'al)h'
t,s++pruter,'nM(I,'.'()))/r,r.cttt'.tint; ad,'nyl+tt+'"_.'('hl,_+' iH[ir+'[(Vli¢4ht .(1shows this data. For Ihe nille COml)t)untls shown, the

or_,an, rat heart, rat liver, or rat caudate nucleus calculated correlation coefficient was -0.24, which was
Adenylale cyclase activity expressedas n I)ercenlage IiO| significan|. Table 9 also lists | he relative potencies

Ag_)nisl" of lhe slinmlalion by l'()r lhe Sallle ('()lnl)()_tlll(lS |is Illllagi)l)isls ill inalillnaliall

()('T(1 _tM) IS() (I _,M) IS() (I _,MI I)A (.).M) ,vt-a(trenergic re('clili()r siles, ;ts m(,_lsHred I)y (lisi)l_zce-
in lighl in hea,'l i. liver i.c..,hll,, rot'Ill ()r I:_lIIWI_.I I()1 I)in(ting (2,1). The ('ah'ul:zled ('()r

,,rwu, ............. rehii(m ('cwflicil'NI I)('lwl'elz Ihe data f()r Iflo('l_a(h, of

O('T 100 17 <.1 <1 o('l()l)Hnline activali_)n anti inhil)ilion ()f I:'tlIWl),,1101
N('-._ I._Oo <1 <l <1 I)i,(lin_ was ().I:L a_ai, wil houl si_nil'icmw(,.
I)('I)M ,1oo .:1 5 ;u) Taken l()gellwr, ihe HI)()vc ()l)s(.rvalions concerning
IS() <1 I00 II_l 10 ag()nisi and ai_|Hgonist I)in(ling, as well as the I)osiiive
I)A <1 <1 <1 lO(I (!OHlilillg of Pll l)iil(tiilg Io HdenyIH(e cyclHse ;Ic(ivalion.

"'l'esied at c,,iwelllr:lii.lls show. :li rir, ht. sl r(illgly Sll_l.'.i'sl Ih;ll lhl' ;iclivp I'lls _lioxvil ill "l'iilih,s 1
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'rnBI.E 8 TABI,E 9

I'ot_.nc 3' _J/tdwnylimm_mm'd_ztdiditws fi_r mummaliatz ,_,z-adrencrgic Itch:live potency _J[anlagotlists In blo_hing actit,ation o/h)cht organ

recepl.r uersu,s Imtency a.s agonists for uetol_lmine-sensitive adenylate adenyhHe cyelase by oetopamine (OCT), in inhibiting [aH]clonidine

cyclc_se binding, and in inhibiting [aH] WB4101 binding

INch,hey values (rt'l_|lixrl' tO chin|dine) I'_r the _ receptor represent I)ula I'_Jr inhihi!ing _,el_lmmine-sensitive adenylale cyclaae were
the mean from .several i)ublished studies using [aHJch}nidine (24, 25, calculated l'r_ml K, values determined from inhibitory experiments in

38-,11). In a i_*w cases, in wifich iJinding data were unavailat)le, whict_ [octopamine] (10 zM)was held constant and [antagonist] was

physi,h)gical ineasurelnents I)f i)oieney (relative In elonidine) were varied (st:,(, Materials and Methods). I)ata fi)r JSHJclonidine anti IaH]
utilized (.t2 .it1). t)ct_qmmine-2 |_otency (relative to clonidine) was Wll.lll).! were c_d('ulated from l{t:f, 2.1. Calculated correlation ct)el'fi-
recalculated from data shown in Tables 1 and 2 and (for tyramine and cient for column A versus B was -0.24 (not significant) and for A

norel)inel)hrine) from other dose-response curves not shown. Correla- versus C was 0.13 (not significant).

lion...................................................coefficient i_etweeu the two measures was -0.18 (not significant). Antagonist l)otency relative to i)hentolamine (=l) for
(_ompouu(i Potency relative to clonidine : inhibiting

(=1) for OCT-sensitive [:_H] [:_H]WB4101
()("1'-2 ret'e|)h)r ,L_I mh.nyhilecyclaae ('l(midine hinding

receptor (A) binding (C)
(B)

N('-5 20.0 0.15 ............................................
N(" 7 _J.I 0.28 ('hh_rl)r-nmzine i 1.0 0.0;17 0.58

NC-9 5.-1 1.2 hnil)ramine 8.8 0.t_)76 0.07

NC- 16 5.3 0.22 Phentolamine 1.0 1.0 1.0
N('-_ 3.9 0.76 Phenoxyhenzanfine 0.7fi 0.37 0.90

N( ' 12 ;1.2 0.028 1)ipheuilydranline 0..10 0.()0(i;I 0.00 l
,_'l'-i_Oii 2.,() 0.08 I_il )er_)xan 0.3l 0.2:1 0.020

N( ' 18 2.4 0.084 I_r°l )ranolol 0.3() 0.0037 0.00052
N('- I I 2.0 0.15 I)Jhydr_erg_)tanlhm 0.17 9.2 1.0
NU-20 2.{) ,0.028 Y(_himbine 0.086 0.h5 0.0075

N(!- 15 1.9 0.39
S'I'-i;i;I; 1.7 0.15
N(: qi 1.9 q)..ll invt'slig_ile Ihe effecl of Plls st,oh as NC-5 and NC-13
N('-2 1.2 0.:_3 on the ETi myogenic rhythm. Such studies should help
Oc.topamine 1.1 0.0037 determine the selectivity of the PIIs tor octopamine-2
Chmidine 1.0 1.0 versus octopamine-1 receptors.
NC-14 0.74 4.6 Published studies with various receptor antagonists do
ST-606 0.50 0.78 suggest, however, that the pharmacological characteris-
NC-4 0.4;_ 0.48 tics of octopamine-1 receptors (at least as determined by
ST-93 0.32 0.78 physiological responses of the locust muscle) differ sig-
Tyramine 0.15 0.0009 nificantly from the characteristics of light organ octo-
Norepinephrine 0.13 0.33 pamine-2 receptors (as determined by the activity ofUK-14304-18 0.12 4.5

NC-10 0.02 0.02 adenylate cyclase). Titus, as an antagonist of the octo-
pamine-induced change in ETi myogenic rhythm, phen-
tolamine is more than 5-fold more potent than chlorpro-

and 2 are affecting a class ofoctopamine receptors in the mazine (4), whereas, in the light organ, chlorpromazine
light organ which are distinct from t_._-or _radrenergic is 10 times more potent than phentolamine in blocking
receptors and are associated with activation of adenylate octopamine enzyme activation. Likewise, in the ETi,
cyclase, clozapine and yohimbine are about equipotent (4),

Relationship to octopamine-1 receptors. The present whereas in the light organ, clozapine is 75-fold more
experiments do not preclude the possibility that the PIIs potent. Other differences involving the agonist potencies
may also affect octopamine receptors not associated with of the benzylimidazolines were described above (see dis-
adenylate cyclase. Unfortunately, the potent derivatives cussion related to Table 3).
described in this paper have not been tested previously The light organ octopamine-2 receptor also appears to
in physiological experiments investigating such octopa- differ from the octopamine receptor characteristics
mine-1 receptors. However, Evans has reported that the which Dudai (27) described using inhibition of [aH]oc-
partial octopamineo2 agonist, clonidine, is a full agonist topamine binding in membrane preparations of Drosoph-
of the octopamine-l-mediated alteration of locust exten- ila heads. Thus, similar to the situation in locust muscle,
sor tibiae (ETi)myogenic rhythm, with a potency more phentolamine is more than 5-fold more potent than
than 10 times that of octopamine (4). This contrasts chlorpromazine in Drosophila, whereas the converse is
with the partial and weak (V:-Vm the potency of octopa- true in the light organ. Furthermore, whereas dihydro-
mine) agonist effect of clonidine on the twitch tension ergotamine is 60-fold more potent than chlorpromazine
of the ETi, an octopamine-2 response (4). (Consistent in Drosophila, chlorpromazine is more than 50-fold more
with the present results, Evans has reported that cloni-
dine is quite weak (relative to octopamine) as a stimu- potent than dihydroergotamine in the light organ, a

lator of cyclic AMP accumulation in this muscle (5).) In _Tbere also exist some t_harmacologicaldifferencesbetween octo-
future neurophysiological studies, it will be of interest to pamine-2 physiological resptmses in locust muscle and octopamine-2
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TABLE 10 ent insect species (28, 29). In order to investigate possible
Relativepotency tg compounds in inhibiting ['_H]serotonin binding species differences in the effects of the PIIs and formam-
(5-tIT, sites), in interacting with light organ octopamine-sensitiw, idines at the receptor level, the activation of adenylate

adenylate cych_e, and in inhibiting [:_H]spiroperidol binding, cyclase by NC-5 and NC-7, octopamine, and the formam-
(5-H7½sites) idine, DDCDM, was evaluated in nerve tissue from the

Data for inhibiting octopamine-sensitive adenylate eyclase were cockroach, P. americana, and from the tobacco horn-
calculated from K_ values as described in Table 9. (Data for serotonin worm, M. sexta. These two species were chosen because
and norepinephrine only were derived from K, values.) Data for ['_H] of their known difference in sensitivity to the octopa-
serotonin and [aH]spiroperidol binding were calculated from Refs. 47- minergic formamidlne pesticides (below). For each ago-52. Calculated correlation coefficient for column A versus B was -0.38

(not significant) and tot B versu.¢ C, 0.35 (not signilicant). LSD, lysergic nist, dose-response curves were run on P., fractions of
acid diethylamide, ventral nerve cord from each of these two species, as well

as on P2 fractions from firefly light organ. Table 11
Compound Potency relative to LSD (=1) for inhibiting summarizes the results. In each tissue, the Vm_, for each

['_H]SerotoninOctopamine- [aH]Spiroperidol agonist is expressed as a percentage of maximum hot-
binding sensitive binding mone stimulation observed with octopamine. Similarly,

adenylate in each tissue, K, values are expressed relative to the K.cyclase
(A) (B) (C) for octopamine in that tissue (K_(octopamine)/

Serotonin 2.3 0.2 o.oo22 Ko(agonist)).
LSD 1.0 1.0 1.0 NC-5 was a full and potent, agonist in all three tissues,
Methysergide 0.08:3 1.3 0.92 potencies ranging from 8-19 times that of octopamine.
Clozapine 0.013 25.0 0.34 In sharp contrast, DDCDM displayed substantially dif-
Phenoxybenzamine O.OOS5 2.9 0.10 ferent species-dependent responses. In Manduca nerve
Cyproheptadine 0.0071 33.0 1.1 cord, DDCDM was a full agonist with 20 times the
Fluphenazine 0.0053 11.0 0.22 potency of octopamine. However, in the cockroach nerve
Chlorpromazine 0.0024 40.0 0.58 cord, t his fbrmamidine was much less potent (only three
Haloperidol 0.0010 4.7 0.15 times that of octopamine) and, more strikingly, was a
Norepinephrine 0.00005 1.5 0.OO001 poor partial agoniSt with only 12% of the activity of

octopamine itself. Activity in the light organ was inter-
mediate. These resnlts are consistent wilh reports thal

Relationship to 5-ttT, and 5-tt7½ receptors. In the the related formatnidine, I)CI)M, is consideral)ly more
present experiments, serotonin did not activate light potent in activating adenylatecyclase in Manduca nerve
organ adenylate cyclase, suggesting that the observed cord (9) titan in lhe firefly lighl organ (9, 10), t'()ckroach
stimuh|titm hy the Plls was not flue to their activation nerve cord (30), or locust i)rain (31). Also consistent,
of a serotonin-sensitive adenylate cyclase. Further evi- Evans and Gee have rel)orted tha! I)CI)M is less potent
dence that the octopamine receptors present in the light than oclopamine in altering ¢)etnpamine-2 1)hysiolngical
organ are distinct from mamnmlian 5-HT, and 5-HT., responses in locust muscle (11).
receptors is provided by the data in Table 10. This table In the present experiments, it was of interest that NC-
compares the ability of several antagonists (and two 7, which has phenyl substituents identical to those of
agonists) lo block (or, tbr the agonists, tt) stimulate) light DI)CI)M, displayed agonist l)roperties somewhat similar
organ octopamine-sensitive adenylate cyclase with the to those of the formamidine. In Manduca nerve cord,
ability of the same compounds to displace [aH]serotonin NC-7 was a full ag0nist, more potent than NC-5, while
(a measure of S-HT, sites) or ['_H]spirt)peridol (a measure in cockroach nerve cord, NC-7 was a partial agonist.
of 5-HT2 sites) from mammalian brain. For the 10 corn- Activity in the light organ was intermediate. However,
pounds shown, the calculated correlation coefficient for although a partial agonist, NC-7 was significantly more
effects on octopamine-sensitive adenylate cyclase versus
effects on 5-HT, receptors was -0.38. This value was
without statistical significance and, therefore, fails to "I'AB,,_:It
support any similarity in the pharmacology of these two F.ffccls ofph,,nylimintffmidazolidines (N('-5 and NC-7). oclopamim,,

chlsses of receptors. Similarly, using lhe salne toni- tntt[ fi,rmmm'dinc._" (1)IR!'IJM) on actir_ttito: ad,',o'latc cyclas,' in thr,,,,
• im,crh'lmflc SlU'Cws

pounds, the correlation coefficient lbr octopamine-sen- Aelivity is exl)ressed relalive to oclopamine ( Vm, = 11)0%; K. ratio
sitive adenylate cyclase versus effects on 5-HT_ receptors = I). V,.,, wdues showa are l he mean (± range) fi)r quadruplicate
was 0.35, which was again without statistical signifi- cAMPdcwrminations IiWa singh, dose-resl),)nsecurve. Curvesfi_reach
canoe. COlO|)otnld were rtln a! ](iasl |wice ill each tissue, anti the tiara shown

Species-dependent effects. In vivo, it has been shown are typical ,,f those seen in lhese,,ther exl,crimenls.

thallhc I)eslici,hd p,)lencyofthe f,)rmmnidines, wh,)se _'o,,,i.,,..I l"ir,illv (',wkr,,nch Mm_,tu,',t
l,)xic effc('l s nre lh,,ught It) bc flue i(, lheir ,wl Olmminergic ]ighl ,!rgan nervec,wd nervecord
agonist act ivity (9-11 ), varies considerably among differ-

V,,,,_. K° rat i,, V... K. ral io V,... K. ratio

NC5 97-_ 5 19 91 :_3 II 96 _: .I _,
biochemicalre._ponse,_in !he lightorgan. !lowcver,helbredeliailiw,

N('-7 6_ ± 1(I I0 ,15± 5 12 100 ± 3 16
conclusi,)ns c.m be drawn about differences in ,WtOl,amine-2 r_wel,tnr
sul)lvpe helween Ihes(, lwo lissues, direcl adenvlale cvclase .qlndies Oclolmmine I00 _ 5 1 100 + 5 I ll)(J + 5 I

' " ' IH)I'I)M 6S _ 5 -I 12 * I :l !17 , :l 2l)
m.,d I,,he I.,rf, wmvd in hwusl musch. (set, ¢liscu._sion below).
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active than I)I)('I)M in th(, c(wkroach nerve cord (.15% ,4o _o,,,M

ofochil)alnineI'......). ,,,_/3_Relewmt to t he above l)iochemical experiments are the _2o

physiological ohserwuions that the formamidines are
potent pesticides against Manduca hut tire very weak .so,,M[ _
against the cockroach. Furthermore, as will be shown ,- _ _oo
below, N('-7 is more ioxic than NC-5 as an antifcedant .9

in M.mh.'., a lih)'sioh)gical ohst,rvalion whicll is ('ml- G 5• :31 '_ I_tl

sistent with the i)ioci_cniica[ receptor activily of the l)lls _
ill MandlAco bill not irl the light organ. For this latter _. _,

60
tissll(', ill wilich NC-5 is illOl'e potent than NC-7, NC-5 __

"_ _ 30 M i°°_M_

is siniihirly ,note active ,IS a stinnlhitor of i)hysiohigical _ _ _:_ll,._IF "_'i

lildlt emission (set" Tahle 12). " "_ _ 4o " \
Ii is llossihh' lhal lh,' Sliecies differencl,s in sensilivily

I(}
ill the ll,,slicidal l, fl't, cls _)f Ihe fornilunillines llud N('.-7 e0

cliuhl lie due io differences hi me.hlholisnl. With the ,NCr_,.. _._
f()rma,ifi(lines,such (lifferences.l)arth_ularlyin N-de-

luel hyhii ion, lulvc heen previously observed, in rive, over o , , , , , , , ,

a period of many minutes (29, 32). However, we have ,o 2o 3o 40 _o 60
previ()usly sh(iwn that, in broken cell preparations, such Time ( mini
deineihyhilion (hies not appear to occur, liariieuhirly Fu;. 5. E//ecto[Nt'.Doaelicilinglight,,missiouintheisohitedfirefly
during lhe very short incuhation limes used in the pres- mi!
enl sludy (10). Not only that, t)ut in the present exlieri- (;ompound (at the concentrations shown) was injected (in 3-5 gl)
nients we ulilized the (already) N-demethyhited deriva- into the haemolynlph dorsal Io the light organ, and light emission
tive, I)I)CI)M, to awfid this possiliility. In other studies, measured as deserilied in text• Following the last dose of NC-5, 1 mlvl
we have observed that, under the present incubation octopamine (OCT)(a maximhlly effective dose)was injected.
conditions, hllrnlone resIBinse io both formamidines and
lihenylethanolauiines remains linear over the incubation
period (8, 10). This suggests that. oxidation or metabolism Physiological effects On firefly light emission. The in)-
of the hornl,)ne t() a less (or more) active form is unlikely, tiation of light emission in the firetly light organ is a
(In vii,o, species differences tu the effects of the forniam- neurally mediated event (34). Octopaminergic neurons
)dines or Pils might lie affected by differences in pene- from the terminal abdominal ganglia are known to syn-

traliility through the harrier systems surrounding insect apse in the light organ! (35) and, in isolated denervated
nerve tissue. H,,wever, the use o['t)roken cell preparations light organs, oct,ipanfine mimics the effect of nerve st)m-

in the present experiments nmkes this possibility un- ulation in el)citing light emission (reviewed in Refs. 3
likely.) and 34). In previous siudies, we have shown that the

Another explanation for the observed species differ- poterlcy of various phenylethanolamines in el)citing light
ences of the tbrmamidines and NC-7 could relate to emission in isolated light organs is correlated with the
possilile effects of the formamidines (e4,'., Ref. 33) and ability of such amines to activate light organ adenylate
Plls on differing populations of nonoctopaminergic cyclase (7, 8). Furthermore, because cholera toxin, for-
cyclic AMP-associated receptors. Still another possible skolin, and cyclic AMII analogs mimic the physiological
reason for the observed species differences could be that effect of octopaminergi¢ agonists in the firefly, it appears
these compounds are affecting, not a homogenous class that light emission is associated with the activation of
of octopamine-2 receptors but, rather, two or more re- adenylate cyclase (36).
ceptor subtypes whose distribution varies among the In the present experiments, light output from isolated
species. Clearly, however, additional comparative phar- mounted tails was measured following injection of in-
macological data are needed belbre speculating about the creasing doses of test compound, dissolved in insect
existence of octopamine-2 subtypes, saline, into the hemolymph dorsal to the lantern. The

saline solution lacked calcium and contained 20 mM
TABLE12 manganese, a salt composition which, in other expert-

Summary of potencies o/octopamine agonists in stimulatingfirefiy ments, was shown to block neuronal release of octopa-
light emission and in exerting ant)feeding toxicity in Manduca sexta mine (36). Thus, the responses recorded are thought to

.................. be due to direct postsynaptic effects of the injected test
('ornpound ECho

compounds. Fig. 5, a typical experiment, shows that NC-
Light emission Ant)feeding 5 was a potent stimulator of light, emission. In the par-....

_Minjected mg % spray ticular experiment shown (total N = 6), injected concen-
NC-5 60 150 trations of the PII as 10w as 1 #M initiated light produc-
N('-7 130 15 tion. This makes NC-5 the most potent light-generating
Formamidine 220 20 compound yet reported in the firefly. Higher concentra-
Oelopamine 1000 3O0 t it)ns of NC-5 caused a progressive increase in light
N(' 10 NA" NA output t() a maximum equal to that induced by optimal

NA,noactivity, concentrat ions of octopamine.
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Dose-response experiments were also carried out for _oo

octopamine, NC-7, NC-10,and the formamidine,DCDM. "_g"" _Octopamine elicited similar effects to NC-5 but was less ODCOM L" (_

potent, particularly at lower concentrations. Typically, Be t_+1
100 pM octopamine was the lowest concentration which _ -c o

wasabletoelicitalightresponse. Table 12summarizes "_ _ 6c _S_NC5 /

the calculated ECso concentrations necessary for eliciting o _ Nc7E o •

light emission for each of the four agonists. This table is _.
based upon 5-10 dose-response curves tbr each cam- 4o / OCT

pound. It will be noted that the rank order physiological _ _ /_,_._._potency of the various compounds corresponds to their -J
rank order potency as activators of light organ adenylate 20 _ _ ...... (_" - "NC"Io--/b
cyclase (Tables 1 and 11). Furthermore, the absolute

ratio of the physiological potencies of NC-5 to octopa- o --//_ , , , ,
mine (about 16) closely matches the ratio (about 19) of c ool ol ols uo
biochemical potencies of the two compounds as agonists AcJonistSpray Concentration (gin%)

of light organ adenylate cyclase. _hiqhest concentration tested
It was of interest, too, that the partial agonistic effect

of NC-7 and the formamidine, DCDM, seen in vitro Fin. 7. Effect of various compoundson disruption of feeding in thetobacco hornworm

(Table 1, Fig. 2) was also observed when these cam- Compounds were applied as a spray to isolated tomato leaves,
pounds were used to elicit light emission. Thus, at opti- allowed to dry, and the leaves then exposed to hornworm larvae. The
mal concentrations, neither of these compounds caused percentage of leaf area remaining after 72 h, measured in duplicate tbr
as much light output as did octopamine. Furthermore, each concentration in each experiment, indicates the degree to which
with the increasing dose of agonist, there was frequently feedingwas disrupted {landthe degree to which the leaves were "pro-
a biphasic response curve similar in appearance to the tected" by the compound (see text for details}). The data for NC-10
biphasic enzyme activity curve frequently observed in are from a single experiment. The values shown for the other cam-
broken cell preparations (Fig. 2). In both situations, pounds represent the mean (+ range) for two to three separate expert-
higher concentrations of agonist caused a partial inhibi- ments. OCT, octopamine.
tion of response. An example of a biphasic light response

to DCI)M is shown in Fig. 6. It will be noted that, number of insect _pecies, including certain lepidoptera,
following application of high concentrations of DCDM, such as M. sexta (the tobacco hornworm) (28, 29). These
application of octopamine failed to restore light produc, compounds appear to exert their toxic effects primarily
tion. This result is consistent with prior biochemical through motor-I)eliavioral disruption, including induc-
studies (10) indicating that, at. high concentrations, tion of tremors, hyperactivity, incoordination, and an
I')CDM can act as an oct,_panfine re('el)lor anlagonist, thai)lilly lo feed {2/4). Because the formamidines (,an
Similar biphasic effects were seen with NC-7, although activate octopamine-sensitive adenylale cyclase {9, 10,
maximal response with NC-7 was less than that elicited 30) and because the toxicity of these compounds can be
byDCDM. enhanced by phosphodiesterase inhibitors (18), it has

Anti/ceding c[fi,cts. The formamidines are used cam- been proposed that the pesticidal effects of the formam-
mercially as pesticides against ticks, mites, and a limited idines are mediated through cyclic AMP increases (9, 10,

18) (however, see also Ref,3:_).

so l, liecause Ihe l'lls were at)h, to acliwlte adenylate cy-
clase in Manduca nerve cord (Table I l ), it. was of interest:
to determine if compounds such as NC-5 and NC-7 could

so exert any toxic cffei'ls against this sl)ecies. These exper-
•--- e_/ \'?" iments were carried ,)tit with yot, ng CI-day-old)first
.2 -a [v _^ instar Manduca larvae, which are sensitive to the effects_ 4o

_ with vari,ms doses i)l' NC-5, NC-7, NC-II). I)I)CI)M, orO 30

d" _ octulmmine, and larwm alh_we(t to feed on the leaves fur
•- 2 several d'iys. To enhant'e l,)xic effe('Is, allleaves were

_ _o also lreale(I wil h lhe I)h,)sl)h,_dieslerase inhil)ih)r, IBMX,
"J _ api)lied at a low d<)Se which, by itself, did not exert any

,o toxic effect. (In other studies (beh)w), we have shown
DCDM that the synergistic effect of IBMX on octol)anfine ago-

nists is due to its action as a phosl)hodiesterase inhibitor
0 .... , . , . , , --_ and not as an adenosine antagonis! (18).)o ,o _o ._o 4o _o eo

Fig. 7 shows ihe real,Its of d,me real.rose ._tl,diesI'-r
Time (min) the I'.ur ,)cl,)l)amin _,agonisls and the inactive 1'il (leriv-

FIG, 6. Ef[cct o/thcfiJrmomidine, I)CI)M, on eliciting light emission alive, NC-10. The graphs plot the amount of leaf re-
in thc isolatcdfircfly tail maining (as a percentage of starting area) after larvae

Details are as described in the legend to Fig. 5 and in the text. had ted on the treated leaves for 72 hr. The greater the
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leaf are,'l relnaining, lho grt'aler the toxic effect of lilt, too It--+

or leaves treated t,nly with 0. !% IBMX showed less than so
O (! '
_0 ,) of leaf area relllailling. _

Wilti illCl'e,llSillg COllt,en|raliollS of NC-5, there was a _- _ +IBMX
progressive inhihiti,)n ,)f leaf feeding to a lnaximum o o
inhilfition 01'al)oul 70%. At the higher concentrations of E -5
ihis I'11, I;ll'Vilt' Illallift'stt'(I Irenlt)rs, hyl)erat'livily, anti w_ ;

leaf walk-off belmvitu'. Aninlals sht)wed t)articular (tiffi-, "6 _e 4o
culty during molting (a task demanding of mt)tor (,'()or-- 3 - -IBM

dins(ion), fretluently being unal)le It) shed their old cu-- zo _¢_ /
title, and SUllsequently (lying. These effects persisted so /long as larvae continued to feed on the treated leaves. ._7)'_--0 ! o

(htlike its effects on light enlissit)n (in which NC-7 ooo! eel ol as

Wi|S weaktq' lhan N(LS), N('.-7 was significantly nlore NC 7 Sproy Concentrotion (gin%)
i)t)lenl an(! nit)re effective that} NC-5 as a toxic agent for
MaHdi(eli. This relal ire i, t,ivo potency corresponds quite Fro. 8. Sym,rgistice[fi,ctO/afixed dose (0.1%spray)o[ the phospho-
well 1o t he potency seen in vitro for t he two conlpoun(ts, diester,se inhibitor, IBMX. dn the ability (4 N('-7 to disrupt [cedingo[
Thus, as shown in Tal)le 11, in broken cell preparations lob,coott,,rnwormhlrvaeProcedure is as described in Fig.7 and in the text. The valuesshown
of Manduca nerve cord, NC-7 was about twice as potent represent the mean (+ rangd) of duplicate area measurements from a
as NC-5, whertqlS, ill the light t)rgtln, NC-5 had the sitlglcexperinwnl andare typical of those seen in other experiments.
greater potency (see previous discussion of species dif-
ferences). NC-10, the unsubstituted PII derivative which
lacked i, t,itr, activity as an octopanline-2 agonist (Table pears that phosphodiesterase inhibition, rather than
1, Fig. 11 also lacked antifeeding activity, adenosine receptor blockade, plays a role in the synergis-

A similar correspondence between in viva toxicity and tic effects of the methylxanthines.
in vitro octopaminergic agonist activity was seen for the Furthermore, the enhancements of pesticidal potency
lorntamidine, I)I)CI)M, and for octopalnine itself. Thus, of the wlrious oett)paminergic agonists, seen with IBMX,
in Manductt, the rank order potency for the lbur com- are paralleled by corresponding increases in the cyclic
i)onn(Is (1)I)CI)M -- NC-7 > NC-5 > oct()l)anfine > NC- AMP content of Manduca nerve cord (18). Thus, the
Ill) was the same it( vitro (Tallies 1 aud 11) and in viva rank order antifeedingl potrenCy (if various primary ago-
(Table 12). The four active compounds also exerted nists with or without IBMX (DDCDM + IBMX = NC-
qualitatively similar effects on behavior. These observa- 7 + IBMX > octal)amine + IBMX = DDCDM alone >
tions serve to stq)l)orl further the possibility that the NC-7 ah)ne > t)('tt)pamine alone (almost inactive))
observed physiological actions of the Plls were due to an matches the rank order potency of the same combina-
effect on octal)amine-2 receptors in viva. tions in elevating cyclic AMP when incubated with intact

Synergistic e/[ects o[ phosphodiesterase inhibitors on segtnents of ventral nerve cord.
PII toxicity. Additional evidence that the antifeeding
effects of the Plls observed in viva were mediated CONCLUSION
through an activation of adenylate cyclase came from Taken together, the above physiological studies of light
the observed synergistic effects of phosphodiesterase in- emission, antifeeding activity, and synergism supply ad-
hibitors on PII toxicity. Fig. 8 shows the dose-dependent ditional evidence thati substituted His can be potent
antifeeding effects of NC-7 in the absence or presence of agonists of octopamine receptors associated with the
IBMX (0.1% spray). At the dose used, IBMX alone activation of adenylate cyclase. In future studies, these
caused only a small inhibition of feeding. However, when compounds should prove to be helpful in delineating the
combined with increasing doses of NC-7, IBMX caused pharmacology of octopamine receptors (and receptor
a marked enhancement both of the efficacy and potency' subtypes) in invertebrates. They may also help to point
uf the PI1. A similar enhancement was seen when IBMX the way toward developing extremely potent and rela-
was combined with NC-5 or with octopamine (data not; tively specific octopamine agonists which could be useful
shown). Indeed, in the absence of IBMX, octopamine as pesticidal agents with reduced toxicity for vertebrates
showed almost no activity as an antifeedant. As previ- (121.
ously described, IBMX also enhances the activity of
various tbrmamidine derivatives (18). ACKNOWLEDGMENTS
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