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d-[:_H]Lysergic Acid Diethylamide Binding to Serotonin Receptors in
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Alan H. Drummond,_ Franziska Buchcr, and Irwin B. Levitan
bS"omthe Friedrich Miescher-lnstitut, P. O. Box 273, ('tl-4002 Basel, Nn,itzcrhtnd

d-[3H]Lysergic acid diethylamidc (LSD) bound to This study descrihes the identification, using ['HJI,SIf
both dopamine- and serotonin (5HT)-sensitive sites in binding, of pulative dopamine and serotonin (5-hydroxytryp-
a particulate fraction derived from the central nervous tamine, 5HT) receptors in a particulate fraction derived from
system of the snail Helix pomatia. Conditions were the CNS of the snail th, lix pomatia, and defines conditions
found which enabled the two sites to be studied inde- under which dopamine- and r, ....aH I-senmtlve [:+H]LSD binding
pendently. [3H]LSD appeared to have a slightly higher can be studied independently. Both sites are characterized
affinity for dopamine-sensitive binding (Kd = 0.5 riM) pharnmcoh)gically and the drug sensitivity of the l)utalive

, than for 5HT-scnsitive binding (Kd ----1.2 nM). A phar- 5HT receptor I)inding is coml>ared with that of the 51t'1'
macoiogical analysis of the binding indicated that while recel)+t,r which mediates the activation of adenylate cyclase
dopamine- and 5HT-related agonists clearly discrimi- in a In'elmraiinn from the same tissue. The high correlation
sated between the two sites, putative antagonists observed between tt)e drug sensitivity of the two assays makes
showed little specificity for dopamine-or 5HT-sensitive it very likely that the 5HT-sensitive [:;H]LSI) binding sea-
binding. The pharmacology of 5HT-sensitive [:JH]LSD
binding was studied in relation to a 5HT-sensitive ade- sure:', the receptor which (:an couple to the enzyme adenylate
nylate cyclase present in a particulate fraction derived cyclase. A portion of this work has been presented in prelim-
from the same tissue. There was a very good correlation inary form (8).
between the abilities of a range of agents to act as
agonists or antagonists in the 5HT-sensitive adenylate EXI'ERIMENTAL PROCEDURES

cyclase assay and their abilities to displace 5HT-sensi- M_lterittls--d-[ Hli,yserg'c acid diethylamide (11.1 and IB.:t Ci/
tire [:_H]LSD binding (r = 0.94; p < 0.001). In particular, nmml) was t_om the I(adiochemical Centre. It was stored at 4_C in
d-LSD and a number of neuroleptic drugs were inhibi- absolute etbanoi and diluted to the required concentration in 5,7 mM
tory in both assays in a stereoselective manner. These ascorl)ic acid inmmdiately before use. The purity of the [_H ]LSi) wan
data suggest that in molluscan tissues, 5HT-sensitive checked at regular intervals using thin layer chromatography on silica
[aH]LSD binding is related to the 5HT receptor which gel solvent systems as described below). The stability of the radiolig-
is coupled to adenylate cyclase, anti in the presence of the tlelix nerw)us system particulate fraction

was assessed by extraction .f Imund {_1{It,St) int, 8()g et barrel, li.25ti
+?,], "[i (w/v) aSCOl'bh' acid. hdh)wt,d by lhin layer chronlatogu'al)lly oil silwa

gel using two s.lvenl systems, cblor.form:l)enzetm:elbanol (-1:2:1)or

The identificaiinn of neuroiransntitter receptt)rs hv radii)- chhwoform:elbanol:acelh' acid (I_: I0:2). In botil systems, b.tb specit-• ically and ltt)nsl)e+:il_callyl_otutd ['tl li,Sl) co-nligrated with standard
ligand-binding methods has become a valuable tool m the ['HII+SI) or unlabeled d-L,";l).

_ investigation of drug action (1). Before concluding that a I,,+'q'lAq'l' (12 to 30 Ci/mmol) was from New England Nuclear.
particular ligand binding site does indeed represent a physio- The folh)wing chemicals were obtained from Sigma Chemical Co.:
h)gical neurotransmitter receptor, it is, however, important to serotonin creatinine sulfate, dt,i)amint, hydr.chloride, lryplamittt. Ily+

establish that the i)rofile of drug interaction with this binding tlrtwldoride, t,i)iuine hydr.cbhwith,. 6-hydr-xytryl>tamine creatinme
site parallels that known to exist for receptor-mediated phys- sulfate, 5-methoxytrvl_tamine 5 ti-dihvdrt;xvtryptamine creatine sul-• fate, noradreualine hydrochloride, isoproterenol hydrochloride, 5-hy-
it)logical respnnses (2). In the central nervous system, there droxyindoleacetic acid, ergotamme tartrate, chhwpromazine hydro-
are few suitable quantitative assays with which to compare chloride, adenosme cyclic 3':5'-monophosl_hate. ATe and GTP. N-
binding data. One receptor-linked response which eat he Methyl-5-hydroxytryptamine oxalate and isobutyl-ntethylxanthine
readily measured even in tissues as complex as the central were from Ahtrieh, creatine kinase and creatine phosphate from
nervous system is the stimulation of adenylate cyclase activity I_oehringer-Mannheim. anti bufotenine hydrogen oxalate from Karl
ill homogenates or particulate fractions (fi)r reviews, see Refs. Ruth Aptmtorphim_ hydrochloride anti the ergot derivatives (d-i,SD

and I-i,S]) ta|'trales, ergonmtrine bimaleate, tlihydroergocryl)tinv
3 anti 4). The molluscan nervous system affi)rds certain all- mettnmesulfimate, methysergide bimaleate, MPME methanesulfu-
vantages for such correlative studies: neurotransmitter-sensi- nate) were from Sandoz; the thioxanthene isomers (eis- and trans-
tire adenylate cyclase preparations have been rel)orted (5-7), flttpenthixol; cts- and trans-chlorprt)thixene) from Lundbeck, cloza-
and in addition it is possible to monitor by intracellular pine I'rom Wander; d-and l+butaclamol from Ayerst spiruperidol,
recording the response of identified cells in the intact ganglia hah_peridol, and pilmntperone from ,lanssen; methergoline from Far-
to known concentrations of perfused drugs, mitalia; cyprohel>tadiue from Merck, Sharp & Dohnte; and cinanserin

from Squibb. l)imetbyl d<)l)amine and coryneine (N,N,N-trimethyl-

*The costs of publication of this article were defrayed in part by
the payment of page charges. This article must therefore be hereby _The abbreviations used are : LSL), lysergic acid diethylamide;
marked "advertisement" in accordance with 18 U.S.C. Section 1734 5HT, 5-hydruxytryl)tamine (serotonin); CNS, central nervous system;
solely to indicate this fact. I)PI, (3,4-tlihydroxylthcnyhmmm)-2-inndaztdine $584, (3,4-dihydrox-

Present address, i)epartment ttf Pbarmacoh_gy. University of yl_enzyl)+4-(2-pyrimidinyl)lnperazine MPME, 8+(4-p-methoxy-
Glasgow, Glasgow (112 8QQ, Scotlaud. I)henyl- l-I_il)erazinyhnethyl -t;-meti_ylergolene.
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d,)panmlet were gifts from Professor 14. L. (;inshurg; piribedil and RESULTS

$5S4 ('r(_nt I)r. M, Schorderet; quipazinl, from l)r. P. Waldmeier; d- Discrimination between Dopamine- and 5HT.sensitit,e
and /-prutlranolol from l'rufessor M. Staehelin and fi 7-dihvdruxv-
Iryplauline t:reatinine sulfate fron_ I)r. A. Manian. I)PI was from [:*HfLSD Bindinl4_Preliminary experiments designed to op-

14(;ehringer-lngelheim. All drugs were dissolved in 5.7 mM ascorhic timize binding conditions demonstrated that the general char-
at-id, acteristics of the binding process were as summarized in Table

l)rcpartttion of H. pomatia Pttrticulatc Fractions--H. pomtttia, I. Note that the equilibrium dissociation constant (Ks) derived

Rw Itomat_ snail, ohtaint,d from R. Stein & Co., l,auingen. Federal from kinetic experiments was very similar to that observed in
R_,publit" uf (;ermat_y. were decapitated and the circunloesuphageal etluili|)riunl experiments. We have previously shown that, of
ring of gangha, which comprises its eenlra} nervous system, was
removed. Ganglia (rtmtinely fronl 100 snails which provide enough a range of neurotransmitters tested, only 5HT and dopamine
tissue for apllroximalely 250 sanlples) were washed extensively in effectively competed for specific [:_H]LSD binding, and they
t_uffer A (I).2 M sucrose, 2 mM Tris-H(3, i)It 7.3) and then homoge- competed at different subpopulations of binding sites (/4).

nize(l (60 mg wet weight/ml of 14utter A) using a |)o|ytrun (ill) S; Thus, at concentrations below l(X)/tM, their inhibitory effects

s(.tlitlg 5. slotted disintegrating head). The homogemlte was eenlri- were additive. We used this discriminatory ability of 5HT anti

t.g(,d (751) × A'; 15 tnin; 4_'('_ and 01e nul_ermdaut decanted. The dopamine to derive cnnditinns under which the ligand was
Iwllel was resuspended in lht, same voiunw of Jr'e-cold Buffer A and
re('t,lttrifuged. The condlined supernatanls were centrifuged 115.000 specifically bound to either 5HT- or dnpamine-sensitive ac-
x/L 30 nlin; 4"(') and lhe resulting IJeilet resusllt.nded and washed cel)iors. When the a_uay was conducted in the presence nf2iX)

.nce in 14utTer I_ (14offer A minus stwruse). After a further centrifu- taM dnpamine, nl|ly 5HT-sensitive binding could be measured

gallon, the ilellet was resuspended in Buffer 14 using a pulylron to a (this, we called tile S-site), ill the presence of IIX) #M 5HT,

*ltein ('oncenlratiun of I to 2 mg/ml (approximately 30_) mg original only dopamine-sensitive binding remained (the D-site) (Ref,

_,I weight/rnl of bufferl and stored at -70°C in (I.4-ml aliquots until 8 and data not shown).

use. (!Olllrol experiments indicated that there was no difference The data presented in Fig. 1, plotted according to thebetween fresh anti prefrozen n]enlbranes with respect to the amount
of specitic or nonspeeific hinding. Furthermore, the ability of dnpa- metbod of Scalchard (12L indicate thai [:q't}LSD has a higher
mine. 5tIT. or d-I,SI) to inhihit ['H II,SI) hinding was the same with affinity for the D-site than the S-site: in the absence of the

frt.sh and prefrozen memhranes, monoanfines, a curvilinear pint is fouud (Fig. IA), from which

Measttremen( ol','_pecilic [:'ttlLSI) t¢imtint,,--'l'he binding reaction two saturahle sites are revealed when the data are treated by
_rlixlur'e confaitu.d meml_rane prolei, (20 to I(_lflg/tuhe), 50 mM Tris- the n|etiu)d (if I{oseutiml {13) as modified by Pennr)ck (14)
It(q, pIl 7.;I, I.)4 tttM asrorbi(' acid. [_tlll,Nl) (routioely '2 nM final
('on('entratitm), and various drugs as indicah.d in a total volunle of (l_lll shown). The high affinity site has a capacity of 541) fmol/

.5(HIld. Afler 10 rain at ;17"(',, 5 ml of ice-cold buffer (50 mm Tris-]lCI, mg of protein and a K,/of 0.55 riM. The low affinity site has a
pH 7.3) was added and the mixture filtered immediately through a maximum l)inding capacity of 2.02 pmni/mg of protein and a
presoaked Whatman GF14 glass fiher filter nluunted on a suction K,t of 50 nM. Since our experiments were routinely carried out

apparatus, The filter was then washed four times, each with a 5-ml using a ['H ILSI) concentration of 2 nM or less, 85 to 90% of

v(d(uue of the same buffer. Filtering and washing was COmllh,le within the mendlrane-bt)und radii)activity was located on the high
5 io 10 s. liadioaclivity boutut to tratq;e(t i;articles on lilt, filler wits
t'ounled in a liquid scinlillalion ('Ollnler using a Trilun X-IOO-loluene- affinity site, anti the results presented here will refer exelu-
hased scintillation fluid, steely to this site. In the presence of 21)1)tam dopantine IS-site

Nonsperilic hinding was defined as hinding which was not displaced c()nditions) the slope of the Scatchard plot is flatter and a Ka

hy a high concentration (10/IM) of unlabeled d-l,SI). This cuneentra- for LSl)-binding to the S-site of ].2 nM can be calculated (Fig.

lion was chosen to estimate nunspecific binding since higher eoncen- IBL In the presence of 100/am 5HT (D-site conditions), the

Ira/ions did not further inhihit hinding. Specific binding is defined as slope becomes slightly steeper, giving a calculated K,¢ for D-
total radioactivity hound ruinltS nonsllecific binding. Using [:'tI1LSI)

concentrali(lns of 2 nM or le,'_, nonspecific hinding comprised _<10q of site binding of 0.5 nM (Fig, 1C). Both of these values are slight
- the total hinding measured. 14ecause of the hlw eoncentratiuns of underestimates of affinity since the small contribution of the

membrane I_rolein used ill ltle assay (due both to limitatious on the low affinity [:_H]I,S1) binding site has been neglected. A sult|-
alntlunt (d"tissue availahh, and It) tilt. advisihililv of binding less than mary of these data is presented in Fig. 1D, which emphasizes

2', _)f the radioligand added), routine exlleriments contained 150 to thai the inhibitory effects of 5HT and dopamine depend on
.tO(_('pro (ff spe('ilicaily hOUlld ligand/saUltlle. None (d' the drugs or the concentration of [:tHI],S]) used. Also, since the intercepts

ile_;rulr;utsmilters used had el'tel'Is t,. mmspecifi(' ( _lt II,SI) hinding. (cxt rapolatedl on tla(" abs('issa arc, similar for I:'|t]I,SI) binding
5II'l'-sensitive [*ttII,SI) binding (the ,q-site) was measured n_u-

tinely using 1 to '2 nM ['tt ILSI) in the presence of 200 yM dopamine to the I)- or S-sites, these sites are present in Helix particulate
(s_e helowL Dopamille-scnsitiwe binding (the I)-silel was estimated fraction in approximately the same concentration (Fig, ID).
using the same range of I qlll,,";I) t.ont.enlralion, hut in lilt, presence
(_t'I(KI _tM 5||'|', T_ut.l.: 1

Adenyhtle ('.vcht._e ,4ssto,--Washed hruken cell preparations for (;enerttl charaelerislit's of [:_H]LSI) bindinA, Io Helix particuhtle
its(. ill the ade;lylate cyclase assay were prel)ared front Helix ciruu- fraction: sllmDitt_.
mesopll;tgeal ganglia as previously descrihe(I (9). These Iireparalions ............
wl're gtqleralts freshly |)re/)nred prior to an experinlenl, since t he 5HT I)II Ol)limlnn t;.2-7.3
sensilivity of adenylale cyclase (Icclined upon freezing and lhawing Association rate constant (kd" 1.5 × 10" M t s
(see hehlw and I_.ef. ,q). I)issuciation rate constant (k d _' 1.11 × 10 ;(s

lncubalions were ilerformed in a volume of 40/d which contained: Equilii)rium dissociation constant (K,A tie- 0.74 nM
"l'ris/maleale i)ut'fer, 25 mM Iptt 8.0); MgCl:,, 5 nIM; ascurhic acid, 0.5 rived from kinetic experiments'

ram: ('yclic AMP, I ram; isohutvlnwthylxanthine 1 ntM; E(;TA, 0.6 E(luilihriurll dissociation constant (K.A de- 0.50 nM
ram: ATP, 0.5 ram: I,-_"t']A'I'IL 1 to "2× Ill" el)ill; crealine kinase, 8[) rived from equilibrium experimet_ts
i._ils/ml; cr('aliI_l, pho._t)h;_t(.. 20 I;IM. ;11;(]omh's.,_ olh(,rwis_, slal(,(ll " I)ell'rmilu'd I'ron_ a IdOl of log, (II_..,,I/IIL,,I -- IBI) againsl lime
t;'l'l', 21) yM. A(Icr ill(,llh_llil_n for '2 mill ;11 :_O"t'. I)11' I'eat'IH_ll W;is Iwh('l'e I//.,,I is lilt' lllllOUll| Or" I 'ItlI,SI) hound at equilibriunt and I/ll

lermiuah,dhvadditiono(_l"shqq"ngsohllion"COl,prising2';s_,lium is I}ml hound al lime U)). The slope of Ihis lira. n.l_rest,nls the
do(it._'yl Stllt_l|(., 3*0IIIM :VI'I'. slid I mM rsclic AMI ) ('y_'li_'l '"P]AMP observed rail, i'OllSlal)l ('/_',d,) frltul which Ihe second order rate con-
termed was isolated by sequenlial chromalograph 3 (tit I;uwex At; statll Ikd can he cah'ulate(l usiug the equath)n h, = t/,'..t. - A' 0/
50W-NJ and _duluina as described hy Sa|otuon t't (tl. (|0). Values [[ 'II]I,SI)] Isec I(ef. 48) (where k _ is the dissociation rate t.()nslant,

t
repurled here are correcwd t(; 100'i' cyclic AMI' rec(wery. I.I I × i0 s . lie I"_ed as described hi,low).

l'r.tvin lh,/ermim_li._--I'rotein was determined by. the nu,thod of ' [)eterm'ned from" a i)lot of log, IIJI/[B,._] against time. The slope
S('haffner and Vv'eissnlann ( II ) using I)_)vint. serum aihulni_ ;is sl;Ul- of lifts line can tie used {o measure the dissueialion rate constant.
(hu-d. ' h',¢ = Z' Wk,.
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0060 -----,-----_ _ A --t ' ---"--' " 13-- 3 denmnstrale lhe interaction of a number of isomeric drugs
% with 5H'l'-sensilive [ _}t [I.SI) himting. As was also the case for

.200xJM VX-)PaMINE tilt, D-site (l'abh, IlL d-I,Sl). (/-butaclanlol, and cis-flupen-

0045 _ thixol WPl't, stkwec.se[ecti'c¢' inhibitors of S-site hinding, with

cis-chlorprothixene being much less sh.reosehwtive (Fig. 3).
% 5lIT >;l,n..;Mll'+, A,h'nrhttc ('vH.sc Actlvitv--()sbornv (5)

0030 \ was (hv first i. rvp.r( th(. cxistencv of .'-)liT- and dop;unim.-sensitive adelLvla(e cyclases in hol)'togenales o1' H. pore|ill(|

_t cent ral ganglia. ||c fout)d that dopandne and 5HT caused it l)

00, IX",, +,+,,
% bmding

|_"tr" "_.... Helix ganglia particulale fractions were a_sayed with four to eight0
0 06(2c_ .................

C _ D concenlration_ of drug ill duplicate or triplicate. [)-site and S-silt
binding was me'asured as described in t he tex), The concent rations of

• 100 ,uM 5HT _/_TOTAL BINDING drugs required to inhibit binding by 50% tiC:,, values) were caleulated,
% am! were converted )o K, wdues according to )he equation K, = IC_J00Z& \

t+ (I + c/K,A (4;4. 49) where c is the concentration of radioactivc ligand
. _ [3-SITE BINDING (usually 1 to ;2 riM) and K,/is its dissociath)n constant ((/.5 nM for I)-

_ -" sile binding, and 1:2 nM for N-site I)indmg, +seeRef.8)).

\ \"\ --
- 003(3 Itt'tlit)ilil.n .ll qI I[..';D (,ndmg

5-5lIE BINDING Ageul leslvd (K,)

It-site S-site

001_ 5HT-likeagents
..%% 5H'[' > IIX),00() | ,30(I

k_. N-mcthy|-5HT 37,5(_) 1,500
_.." _ .... Bufotenine 2,4(1(I 2,11)0

0 350 700 1050 350 700 1050 Tryptamine I|1,000 13,0(X)
5-Melhoxylryptamine 5(),(X_) 2,|14_)

SPECIFIC [_H]- LSD BINDING IfMOLES/m 9 PROTEIN} titt'l' :!23XX) 75,t_)()

Fro. l, Seatehard plots of [:'HI[Sit-binding data in Helix 5,6-l)ihydroxytryptamiue I(M).004) 13l),()Of)
CNS. A. controh ascorhic acid, Values are means of five experiments. 6,7-1)ihydroxytryptaminc I(;,t_) 75,1_)0
B, in the presence of 200 _M dopamine. The dashed line represents 5-Hydroxyindole acetic acid --" --"
the control curve from A. Values are means of two experiments. C, in Dopamine-like agents

the presence of 100 ttM 5IJT. The dashed hne represents the control I)opamine lit.it00 >I(I(I,IK)()
ctlrvc ['rOlll a. Values are illeallS of two exl)erin'lents. [), cull_.t.|[a[ive Fpinine 4.1)_) 77,(_X)
graph lbr comparis_m of 51-13' and dopanfine effects. N,N- I)ime( hyldopamiew 7.(_X) 3t),t_)

( +()l'yl It'it I(' "- " -"

ApolllOrldlillc ;27(I 9.10

':_""' i'harmacoloA:y ,,/Dopamine- aml 5llT-._ensitive [:'tlII,,';D I)l'l :g7,|_l !,t,i_to

Binding--The affinities eta range uf agonists and antagonists I'i,.ilwdil 20.(_)0 ;lit,tiDe
tbr both the 1}- anti S-sites are shown in Table [l. Certain Sst+t 760 3,(g_O

dopamine- and 5HT-like agonists discriminated well between Noradrena[ine 54.0(X) Not tested

- the two populations of binding sites. For example, the order Isoproterenol 100,t)(X) Not tested

of tryptamine derivatives in competing for S.site [:_H]LSD Ergot alkah)ids and derivativesd-I k;l'_ 0.5 1;2
binding was rather different from that noted in the D-site I-I,Sl) 1(1,(_¢) 12,1_)0

studies. In particular, 5HT, N-methyl-5HT and 5-meth.xy- Erg_)tatuitw t).;I "2

tryptamine were considerably more potent (25- to l(Xl-ibld) Ergometrine 0.H 41)

)gains! S-site binding (Fig. 2.4 and Table lI, Cohmm 2). l)ihydroergocryptim, 9.5 20

Bulb|chine, however, which was one of the more potent MI'ME 7 6o
Methyscrgide 12 7()

tryptamine derivatives against the S-site, retained its rela- Methergoline 30 60
lively high affinity against the dopamine-sensitive site. Re- Neur_)lepiit' drugs
moval of the ring hydroxyl (tryptamine) or alteration of its d-13utaclam.I 4.6 14

position (6HT) led t() appreciable losses in S-site affinily (Fig. l-P, utaclamol ,r,4J)O0 12,(_)

2A and Talde Ill. Wilh the excel)lion of al)onu)rlflline aml ,'i.,' Fh,l.,t_lhixol .Ill) 241)
$584, a metabolite of pirihediL dopanfine derivatives were ¢rat+s-b'hq)tqttltixo] 6,titS) UI.I_)

('is-chh)rprt)thixt'tw 150 131)
only weakly active against the S-site (Fig. 2B and "Fable Ilk /rttn,_-chh)rprothixene 49(I 360
The affinities of a range of antagonists fi)r the S-site is shown (_hh)rl)rtm_azine 130 t;(X)
in Column 2 of 'Fable II. Notable here is the rather high Ch,zapme I(X) :150

affinity (=1 nM) of some of the ergot derivatives which were Spir(q)eri(h)l 2,00() (;.200

tested (e.g. d-LSD and ergotamine) and the h)w affinity (>l lrlah)l)crid°l 4,1(_) :1,400

pM) of the butyrophenone group of compounds (spiroperidol, I)ilmmper°ne 20,0(X) 17,1_,)

haloperidol and pipamperone). 5H'i'-at_tagonists and other agents
Cyprohept adine 5IX) 35()

In contrast to agonists, putative receptor antagonists dis- <l+l)rol)ranoh)l 1,3IX) :15,0(_)
criminated ponrly hetween the It- and S-sites (Table II). Of a I-|)rol)ranoh)l 2,200 3(),00()

range of over 20 antagonists tested, ergometrine was the only Cinanserin Nt)t tested ;2,31X)

agent which showed nmrked selectivity for one or the ()/her Quil)azim' Not It,sled 32.t)(_)

site (5t)-fohl more potent against the D-site). The data in Fig. "Tot) weakly active tu measure accurately (K, > 300.000 nm).
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" _ -._ ... ,,° _ .... to a 3-fold stimulation of the enzyme with ECru, values (con-

A %,, A_'_, x centration causing a half-maximal response) of 50/tM and 40

7_. __ #M, respectively. Unfortunately, we have been unable to con-

, firm the presence of a dopamine-sensitive cyclase in Helix
homogenates or washed particulate fractions assayed under ac

_. s0 variety of experimental conditions, including those described

,'_ _ smk _'_ N_ by Osborne (5) (not shown). Also, the stimulation of the
_'_ :'_. _.--. _,s._........ :,_",.,,_:_ enzyme, by 5HT has never, in our hands, exceeded a doubling

_ _ D,_E..... _.__-_ of the basal enzyme activity. The reasons for these discrep-
"_' _ TRYP[AMINE

c_ ancies are unclear; neurotransmitter-sensitive adenylate cy-
.j _ ! ,_....... _,_ _,_" m_ clase preparations are, however, notoriously fickle.

[m.r_,ro_] M The stimulation of Helix adenylate cyclase activity by 5HT
::' '_' I x in a washed p:,rliculate preparation was enhanced by the

, _ _ presence of GTP (Table III), which as previously reported (9)7_ TABLE III

Potentiation of SHT-sensitit,e adenylate eyclase activity by GTP
_( Helix particulate fractions (25 #g/sample) were incubated for 2

r r rain with 5HT or dopamine (111/tM) in the absence or presence of
_ various GTP concentrations. Adenylate cyclase activity was measured

as described in the lext. The values in parentheses are the percentage
increase in activity induced by 5HT or dopamine over the conlrol
level, l'articulatc fractions which had been stored at -70°C for several

t r , _ I ....

t v)'_ _ _ _" _o_ clays were used for this experiment.

[ H-,P,T',_]_ GTP ,'oncen. Adenylatecyclaseactivity

Fro. 2. Inhibition of S-site [:'H]LSD binding by various tration Control 5HT Dopamine
agents. Same as Fig. I. except that 21)0ttMdolmmine (in addition to

gM pmol cAMP formedrammR protein (means +_ S.E.)the c(,ncentrati(,n indicated in the abscissa of Bt was added to all

tui,cs t(, abolish hindi|lg (¢, the D-site and restrict it to the S-site. A, 0 I;.8 + 0.4 7.7 ± 0.5 (1:1.2_;;) 7.1)± 0.4 (2.9%) _ :..]
5liT-related drugs; B, dol)amine-relaled drugs. Values are means of I 18.4+ 0.2 22.0 + 0.9 (19.1;_/,) 19.9 + 2.5 (8.V:_.)
two t(, four exl)criments each carried out in tril)licale. The standard 10 22.1 ± 0.7 29.5 + 0.9 (33.5%) 22.5 :t:0.5 (1.8%) [
error of the mean was never greater than 8¢'iof the mean. ..............................IIX) 22.4 ± 0.4 27.9 ± 0.8 (24.5%) 22.2 4-0.6 (-0.9%) I

i.
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FIt:. 3. Inhibition of S-site I'_ttII,Sl) binding by isomeric drugs. SI)ecific [ _Il I1>;I) hindil_g to the S-site was measured in the presence
of 2(_) ttM(h,I)amine. I)ifti?renl content ralions ,,f d- and/-I)utacla|||ol (A). cis- and lrttns-flUla,n! hix,,l (B). cis- and trans-chh)rprothixene (C),
and d- and /-I.SI) i11) were added to lhe 11ll)esto inhibit S-site hmding. \'aloes are means 1or two exllerilncnls each carried out in tril)licate.
The slandard error of the nleall was nevlw gl'lql11,r lhiul 1;¢; of lhc Inlqlll.
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caused a 3-fifld stimulation by itself. The degree ot'siimulaiion . tt.... _ -,..... _ _...... _-----_ .......

elicited by 5HT fin the presence of 20 /aM G'l'lq wiried ',.,,_,_,_ ,,T_ !,

nlarkedly del)en(ling upon the slate of activation of ihe snails _ ....... ..,_

atnd the experimental conditions. If ti_e particulate fractions ....

were prepared from snails which had recently I1 to "2days) _"

heen activated after hmg periods (more than t; lUllllths} Ill' ' _,_ ')-' ' _ ..... "':

inactivity (slurage at 4°(3, lilt, slilnulation ,,if ath, nylah, cy- .? ,..

clase activily by I(R) gM 5HT (a supranmxinml concentration. :,',

see Fig. 4) was 80 +_ 6% in = It), +_ S.E.) over basal. Longer '.'

periods of activation (-->7 days) led to a particulate fraction ': _-_""_
whose adenvlate cvclase activity was stimulated only 63 + 5% _ °.... -- A

(n = 9, + S.E.) over basal. The greater degree of stimulation

in the former situation was not related to a change in the >(_ ............. , , -,,_ ,
basal activity of the preparation. If the fraction prepared from * t_-- _., _ v,

active snails was frozen at -70°C heft)re use, the degree of IT.,, ;,'._',i,

stimulation by 5HT fell to 32 +_ 1% (n = 8, +__S.E.) above basal Fm 5. Effects of tryptamine on basal anti 5HT-stimulated
(see Table III for example). This was not related to an adenylate eyclase activity in Helix CNS. Adenylate cyclase aetiv-

alteration in the basal state of the enzyme. Accordingly, most ity was measured in the presence of different concentration of trypt-

of the experiments reported here were conducted on fractions amine, in the al)sence it> ---C)t or presence (tt-----Ib of Ill tiM 51t"1".

freshly prepared from recently activated snails. Control stud- Values .re means for triplicate samples. The standard error .f tiu,

ies (not shown) indicated that Ihe aMnity of the enzyme for mean was never greater ttmn 7'< .f the mean.

5HT or d-i.Sl) was not depemhqtt on the type of preparation
used. "l'anu,v: IV

5HT stin;lula/ion of the enzyme was linear with time using Ffli.ct olvttri.us agents on 5/IT senmtive udenylate c vrht,se aettvity

incubations of less than 5-rain duration. With longer periods, Adenylate cyelase activity was measured using live to seven drug

however, the degree of stimulation waned rapidly, such that concentrations in triplicate, For agonists and partial agonists the EC_,.
• wdue was th_ content rat ion required to give half-maximal activation

by 10 min no appreciable 5HT sensitivity of adenylate cyclase of adenylate cyclase activity. F.r antagonists, activity was measured
could be measured (results not shown). All the experiments in the presence and absence of 10 jam 5HT to measure inhihitiun of
reported here were carried out using a 2-rain incubation the 5HT-sensitive component ofadenylate cyelase. ICr_, values were

period, in order to minimize this deterioration, which also calculated according to the equati(m in Tahle [L where r is the 5tt"1'

occurred during a preincubation conducted in the absence of concentration tlO _M) and K,t the EC,, value for 5HT (1.65 pMt

added 5HT (not shown). Intrinsic activity was eah'ulated as the maxinml extent of stimulation

Of a range of 5HT-like agents tested, only its N-methyl and Produced by a given drug, relative to that pr_oduced by 5HT. __

N,N-dimethyl (bufotenine) derivatives elicited a similar de- 5liT-sensitive adenylate cyclase at'-tivlty

gree of adenylate cyclase activation (Table IV). A number of Agent tested - --
[n(rinsw activ-

other agents (e.g. tryptamine, 5-methoxytryptamine and E(7_,or h', ity

6HT) were partial agonists which could elicit maximal re- ,,M

:,:'_:: _ /. sponses between 20, and 65g ,)1' that produced by 5HT itself .qlIT and d-I)amuw like agents(Figs. 4 and 5 and 'l'abh, IV). The partial agonist nilltlr(' o['lh(' 51rl' IJ;50 I.O0

action of tryptamine is well illustrate(i in Fig. 5, which dcm- NMethyl-51tT 1,,%,50 I.t)O
onstrates that tryptamine also partially antagonizes the slim- Bufotenine 1.250 1.00

ulalion of adenyhlte cyclase activity by 5HT. Bufotenine, N- Tryptamine 18,31R1 0.36

- methyl-hilT, and 5+methoxytryptamine evoked responses 'r)-Meth°xytryl)tamille 6,2(R) (I.63611T 26,0OO 0.37

with ECr_ values in the range of i to 6/aM, the other derivatives r,-I lydroxyindoh, ai'el W acid --" --"

tested were at least 10-fl)ld le,,_ potent. For examl)le, remowd I)opanihie >I[_),IRMI II.llO
Ai)olnorllhine 12,IXIO li.llO

lo0 [_[/t N'_t All Ergot alkahihls and derivatives

(:.t A',I d-LSI) II) (I.(_)

'1.> 51iMtlLJl ION I-LS I) > I0,0_Xt 0.00
£ 7_ • t/ • _ Erg<itamine 47 O(XJ

g / 5MEIHOX'flt¢¥1'TAMi_f) - / l)ihydroergocrylitine 97 0.00
Neurolepticdrugs

/ ./J__j' d- thilaclali,ol 21 OA)O

•• ris-Fhlllenltlixol IIR) O.(R)

X qt¢l'_ trans-Flupenthixol 14,(Nil O.(IO

I/i'_ t>_lrt>_lr ci,u-Chiorprili hixene 111) ll.O0
• 2'.

_ tran._-('hh)rlirot hixene 310 0,00
Spiroperi(h)l 3,_(x) O.(X)
pilianll)erone .cl,f_)tl (I.lt_)

_+ll;,A I ()lher0 , _ __L ........ Y,
1,' II_t; I(i s I{}_ 1. _ QUilJazine 4,(XX) ().IX)

{_)_.c;lt_ " Too weakly active to measure arcurately (EC,. or K, > 3IX),(_)

FIe,. 4. Stimulation of Helix CNS adenylate eyelase activity nM).
by 5HT and related agents. Adeuylate o'elase activity was meas-
ured in tile presence of different euncenlralions of 5tt'i" 10 ..... tl), 5-
melhoxytryptanline It--A), 6HT (a----At, or 5-hydroxyindole- of the ring hydroxyl grotlp (tryt)tamine) .r alteration of its
acetic acid i5HIAA) (1t--41). Values are means filr triplicate sam- position (61TI') led to 10- to 21)-fold increases in the EC.,
pies. The standard error of the mean was never greater than 9q, of concentration fin" adenylate cyclase activation (see Figs. 4 and
the mean. 5, and Table IV).
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_ , II , I r .... , ----

_;,i,__J,iAu _ consistent with the hypothesis that 5HT-sensitive [:'H]LSD
," i _(tt,,,f I j / binding measures the physiological 5HT receptor which COU-
"'E:.T,JU]...... // pies to the enzyme adenvlate cyclase.

"7 " • /o / " * "<

' There are now a range of radioactive compounds which can
.- j/ // ,::. _ :t, ._,,, be used to measure dopamine and 5t-I'I' receptors in mam-

malian nervous tissue. These include agonists and partial
:' agonists such as [:_H]dopamine (16, 17), [;'H]5HT (18, 19), and
": [;'H]LSD (20-23), and antagonists such as [:'H]spiroperidol
:' (24), [:_H]haloperidol (17, 22) and cis-[:'H]flupenthixol (25),

The ligands presently available for measuring 5HT receptors
' _ _ x _ -- are rather unsatisfactory: ['H]I,, I) and [:_H]spiroperidoi bind

Io dopamine receptors as well (26, 27), and [;_H]5HT, which
('an he used in the vertebrate CNS (18, 19), does not bind to

Fur:. 6. Effect ofd-I,SI) on 5HT-stimulatcd adenylate eyelase high affinity receptors in the molluscan CNS.- In this study,
activity. Adenylale eyc[ase activity was measured in the presence of anti in the work reported in a preliminary communication (8),different concentrations of 5HT, in the absence (0-----0) or presence
(O ©t of 0.1 #M d-I_SD. Because d-LSD inhibited basal adenylate we show that [:'H]LSD binds to both dopamine and 5HT

_- cyclase activity by 10 to 15%,the stimulation by 5HT in the presence receptors in the molluscan nervous system, and have exploited
uf d-l,Sl) is expressed relative to this lowered basal activity, this lack of specificity to characterize both receptors in detail.

[lnfortunatelv we were unable to confirm the presence of a
I(i j"

• dopanfine-sensitive adenylate cyclase in snail ti_ue (5), and
r _0 9_ " because of the lack of an in vitro assay tbr the dopamine

• " receptor, this discussion centers upon the 5HT receptor data.l[)5 Q *_

•, The Pharmacology of Dopamine- and 5HT-sensitiueta3

"_ :" [:_tl]LSD Binding in the Molluscan CNS--In a previous
_., _'_1()6 • paper (8), we described the separatmn of the total spectfic ,,,_:_,_,

I_ ': ['H ]LSD binding into the D-site (dopamine-sensitive) and S-_ !i_ i't _ /ll • •

,_ site (5HT-sensitive) components by the addition of appropri-¢)

_, I°7 " ate concentrations of dopamine or 5ttT Further justification [
_ ' of this method is provided bv the pharmacological analysis I

_ los ° presented in this paper. Only dopamine-like and 5HT-like
agents could discriminate between the two sites, and of these,

• none appeared to have better specificity than the physiological
109 * ..... agonists themselves (see Table IlL For 5HT-related anti, to a109 1(}_ 10_ 10 6 i0-5 i0-_.

t_ f,_ [( SO _()P SHr c,[ N%ITIVf le_uer extent, dnpamine-related compounds, increased methyl
A[)iNetATf CYCLA_.f.m substitutions on the primary amino group gave compounds

Fro. 7. Comparison of drug-sensitivities of S-site [:'HILSD which retained good receptor affinity but decreased specificity
binding and 5HT-sensitive adenylate cyclase. K, values fnr 5HT- for the I)- or S-sites. Thus, bufotenine and N,N-dimethyldo-
sensitive [:'HIL,ql) binding of various drugs (values from Table 1I) pamine were much less selective than 5HT or dopamine

- were plutted against their K, or ECr,, values for 5HT-sensitive ade- themselves. Data from other receptor systems tend to support
nylale cyclase ivalues frum Tabh, IV). The correlati,,n cuefficient (r) these findings: bufotenine and N N-dimethvldopamine have
was calculated by linear regression analysis, been reported to have nicotinic cholinergic and a-adrenergic

t)rot)erties, respectively (28-30). We surveyed a wide range of
d-l,Sl) was a conq)etitive antagonist of the 5HT-stimulated putative 5HT and dopanfine antagonists in an attempt to find

adenylate cyclase with a calculated K, of 0.01 ffM (Fig. 6). In other discriminating compounds, but with little success. The
contrast to our studies in the marine mollusc Aplysia califor- relative lack of specificity of these drugs for 5HT or dopamine
nica (7), it did not e_hibit partial agonist activity. Other ergot receptors is in general agreement with data from the verte-
derivatives such as ergotamine anti dihydroergocryptine were brate CNS (27), although we failed to detect the relatively
also potent antagonists (Table IV), although we did not de- small degree of receptor specificity which has been reported
termine the nature of the antagonism inw)lved. As was noted for certain agents, e.g. pipamperone (a selective 5HT antago-
with the [:'H]l,SI)-binding studies, the isomeric drugs tested nist) and haloperidol (a dopamine antagonist) (27).
were, to varying degrees, stereoselective 5HT antagonists: d- The Relationship of 5HT-sensitit,e [att]LSD Binding to
I,SI), d-butaclamol, and cis-flupenthixol were > 10(X)-, > 5HT Receptors in the Molluscan CNS--The bulk of evidence
6IX)-, and 140-fold more active than their corresponding I- or favoring the existence of 5HT re('eptors in the molluscan CNS
trans isomers, and there was a small (but significant) degree stems from electrophysioh)gicai studies (for review see Ref.
of stereoselectivity for the cis isomer of ('hlorprothixene (Ta- :31). (,er,"schenteld" and Paupardin-Tritsch have described six
bit IV). Many of the drugs tested also at'ti,cted the l)asal pharmacologically (iistincl 5HT-induced responses in lh, hx
activity of the enzyme. This was esla,cially trtne hw Ihe lipid- ,.Sln'rmt and in the nmrine molhtsc A. californica (32). The
soh,bh, neuroh,i)tic drugs such as ctdorln'othixene and flUl)Cn- recel)tl)rs mediating three of these responses, termed A, B.
thixol (15), which inhibited the enzyme up to :15"i a! I(X) pM and (', are inhibited by I,SI) and therefore may in our studies,
in a nonstercosl)ecific manner (data not shown). The data be mess, red I)y ['IIII,SI) binding, lleceptor C is, however,
shown in Tal)le [V relate purely to inhihition of the 5HT- not sensitive to inhil)ition by hufotenine (32), and therefi)re
sensitive conq)onent of the adenylate cy('lase activity, can he excluded. The major difficulty in comparing (mr hie-

When the drug sensitivity of S-site ['_H II,Sl) binding and chenfical studies with the electrophysioh)gical data is that the
the 5HT-sensitive adenylate cyclase were COmlmred (Fig. 7),
a highly significant correlation was tound (r = 0.9,1. p < 0.(XII ), 'A. It. I)rummm,I, ,nlmblished work.
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hitter give no indication of the affinity of !..";I) t'_)r tbe pbysi- 51rl' anlago,fist iu otlwr nou-adenylah, cyclase-linked 5HT

olugical receptors. Bearing this reservation in mind, our ten- receptor syslems (,15, ,16) suggesting pe,'haps that, as is the

lative com'lusiun is that [ _H]I,SI) labels both the A-type case with dolmmim' rereptors (-17), bulyr_qflwnoue derivatives

receplor lwbich reed(ales an im'rease in Na'-_'oudl.'latlrei mighl I., used Io differemiale belw_,en mull(pie fitlT recep-
:Uld lhe ILlype reeephu" (uledialing an ire'tease itl K'-('(_u- lots.

din'lance). 511?' srnsHtt'r /:W/I,,N'D I_indlnA, .ml ,.ldenyl.tr (:vH.se in

The I_H.lionshit_ o[ 511T-sensitir,e [:_ll/LHI) Hindml., in lhr M.Ilusr,m IWN--'l'here was a high correlalion helween

the Mollusc.n ('NH to 5liT Receph_rs in the Vertebr.h' the Ih.h.v ,N-sile Iqlll,SI)dfinding i)harmacology and lhe sen-

('NS_A number of different workers haw. analyzed ['tt ]I.Si) silivily of lhe 51rr-sensitive adenylate cyclase Io drugs tFig.
binding to 5HT reeelJl,,rs in vertebrate brain (21)-23). We 71. These data make it very likely that in molluscs, 5tl'l'-

have averagetl their IC:,, values fi,r various drugs and COUl- sensitive [:'ltlI,Sl) binding can I)e used to monitor lbe 5lIT

pared them with th'lix N-site [_tt]I,SI) binding (not shown), receptor wbitql couples or is coul)led In adenylate c.yclase•
The correlation between the two sets of values is not i)artic - Further evidence for st.'b a thesis comes from our studies in

ularly high It" = 0.59), however, this h)w value is in large part A. coh]'_rntc,t, which demonstrate that 5HT-sensitive I'll I-
due t¢) the low affinity of two drugs, pipanq)erone and spiro- I,SI) binding and ,5tiT-sensitive ath,nyhlle cyclase ha_e a

peridol, in the Helix binding assay (IC:_ values in tfelix 45 similar distribution in a number of ganglia and muscles 17).

and 16.5 ttM, respectively, and in rat brain 0.027 and 0.023 To our knowledge, a similar sludy has not been carried out in

ttM). When these drugs are omitted, the correlation c()efficient the vertebrate CNS. It has been recognized, however, lhat

rises to 0.90, which is highly significant (p < 0.001). It is multiple 5HT recel)tors prt)bably exist there and that neither

unclear why these two agents should be so ineffective in ttelix, [_HIfHT nor [:'H ISlfiroperidol are adequate ligands for the

but this Illlly Ill, I•ehlteil to our inability to detect specifi(' adenyhtle ryclase-liuked 5ti'1' receptors (4,11. Ii remains io he

- I 'lllsl)irol.,ri(Iol I)iutling in ulolhlsl's. :! seeu whelher iql ]1,SI1 ran I)e used for su('ll ;1 purpose ill Ihe
511T-sensitit'c Adenylute (:vHase in the Molhtscttn ('NH: vertei)rllle ('NS.

I?ehttionshit_ h, That Found in Other ,%:vs/ems--Tbere are a
..IH,'no,'h'dgmrnt., We at'knowh,dg_, with thanks lhe gifls,)ldrugs

nunlber (if ex;tulples ill tile literature of broken cell ai|enyhlle I)y ihe wtrious in(livi lulls Sl)ecilie(I trader "t':xl)erimelHal lJrocedures ''

cyelase l)reparatii)ns which are stimulated I)y 5HT (5-7, 33- and by the folh)wiug pharnmceutical companies: Samh_z, lamdheck,
42). Their one comnlon feature appears to be that the EC:_ Wander, Averst .hulssen, Farmitalia, Merck, Sharp & I)(_hme,
con('entration of 5HT is in the range of 0.5 to 2 pM. The Squil)l), and I)_oehringer-lngelheinL

l)otency of other agonists and their degree ()f intrinsic activity

tends It) vary markedly. Thus tryptamine is a full agonist with RI,:FEI_I,:Nt'ES
a potency comparable to 5HT in some systems (34, 42) ltl.I a I. Yllnlllllillrll, II. l, t':nna. N ,I, and Kuhar, M. J. (I.(_7_) geur_-

partial agnnist with an appr,)ximately 10-fohl lower potency tr(tnsmitter l¢,,,'('pt,_r B_ndtn14, Raven Press, New York

than 5HT in others (40 and this paper, see Fig. 5). A major 2. l'at,)n, W. I). M., and Rang, tl. P. (1965) l'r.,'. 1¢. Soc. L,md. B

discrepancy between the present work and other 5HT-sensi- Ih,l. N,.i. 163, 1-44
tive adenvlate cvclases which have been studied is that (t- 3. t)alv J. 11975)in tt.ndbo.l,, ofPsychol)h(trmetcoh_gv (lvel"Sen 1..

• " 1.., Ivel'sell, S. I)., _lllll .'qnv(ter ,":,.tt., ed) V,)I. 5, I)11.47-1;11),
I,SI) trod no agonist aclivity on this l)reparation, although it I'h.nun_ I)ress, New York
is a partial agonist in the CNS of a related animal, the marine 4. Nathanso_, ,1. A. (1.q77) l'hysi_d, tCe_'.57, 157-25fi

, _ ..... nl()lluse A. californica 17). We have n() good explanation for 5. ()slmrne, N. N. I1.(177) E.q_crwntt. 33, ,q17-919
Ibis finding, although it is worth noting that in Ih'lix d-I,SI) tL I,evilan, I. IL (1!17/4) Ill'trill Itr._. 154. ,lll,l-,tll8

7. I)l'lnlUnOlld, A. Ii., liucht,r, F.. altd la'vilall. I. It. t l_.tHI))Ilr.tn
routinely h)were(I I)asal adenyhtte eyclase I)y Ill to 15"; in a

lets. 1144, 163-177

stereosl)ecific manner (results not shown but see legend tu 14. I)rulnnlolltl, A, It., Bucher, F., and lawilan, I. I}. (I.q714) .rV.turc
Fig. tl, for exalnl)h,). This effe('t was not noted with other 272, 31i_4-3711
drugs (e.14. d- aud /-buta('lamol) and appears to l)e similar to 9. I,evihtn, I. tL, Bergstrom, E., aud Sin.met, M. (197/4) .]. Nrur_

- the effects of 2-t)ronu,-l,Sl) on the hasal activity of the b'(ts- ,'hem 31, 1353-1:1f).(1

cioht hel)ttti,,a adenylate ('yt'lase rel)(,rted by N,u'thu l) au(I I1). SlllOlllOll, Y., I.oml,_s, ('.. and I{o(Ihell, M. (1!174) An.I. lh,.'hrm,
5H, f).l I - ,%114

M.'lnsour (40). !1 relnains possible thai Ihe partial agonisl 1I. ,'q_'h:tffner, W., and Weissn_a_uL ('. (197:1) An.I. It..'h_'m. ,56, 5112-
:lctivily of d-I.Sl) was not nleasured hecause the (trug concoul- fi I.t

itantly re(luted basal activity. In general, the potency of 12. Scalchard,(L (19.1.(I)Ann. /%' Y.A,..d.H,.i. 51, Gfil)-t;72
agonisls in lhe Helix 5HT-sensitive adenylate cyclase is com- 13. I{osenlhal, Ii. E. (l.qt;7) Anul. B._Hwm. 20, 525-532

parable with that reported by Northup and Mansour (40}. It 14. l'ennock, B. E. (1973) An.l. IJiorhem. 56, 30t;-309

is obvious, however, that since the agonist affinity cannot be 15. Nt)rnmn, ,1. A., I)rumm,_ml, A. H., an(t Moser, P. (1979) MoL
Phorma('ol. 16, 11)89-11).(t4

determined directly in any of the adenylate cyclase systems 1(;. Burr, I). IL, I'_nna, S..I., ('l'ee.se, I., and Snv(h.r S. I1. 1197,5) I'r.r.
so far described t)ecause of uncertainties regarding agonist Ntttl. At.d, Nri. I'. H...t. 72, .lt;55-4t;,r).q
efficacy or si)are recel)ior number, sueb disl)arilies or corre- 17. ,";eeU.ln, I'., t'hau-W_)ug, M., Te(h,s('o, ,I., al.l Wong, K. 1,. 11!17;-))
lalions nmy be more at)l)arent than real• I'r.,', Nttll..4('.,/. N('i. l' N. A. 72, 4;176-4:1/41)

Such problems do not obtain with antagnnists, however, 18. Benlwtl, J. P., and Snyder, S. H. (1971i) Mol. Pharm.col. 12, ;173-

and a more direct comparison is possible between the IIelix 314.()

cyclase and that originally reported in the vertebrate CNS by 19. Fill(on, G., Fill(on, M. 1)., Sl)irakis, C., Bahers, ,I. M., and Jacob,
J. ,I. (1.(t7{;)Ltle S,,i. 18, t15-74

von Hungen et al. (;34) and recently characterized in detail by 2<). Bellllt,ll, J. L., and Aghajanian, G. K. ii974) Li[e Hot. 15, l.q3:')-
Enjalberl et al. (43) and Hamon et al. (44). Clearly, the two 1944

systems are not identical: quipazine was totally inactive in the 21. Bennelt. J. 1'., Jr., and Snv(ter S. H. (1975) Brain ltes. 94, 52;I-
vertebrate preparation, but showed some, albeit weak, activity 544

as a 5HT antagonist in Helix. Also, c/s-flupenthixoi was a '2'2. Burr, I). I{., Creese, I., and Snyder, S. H. (1!t7_;)Mol. Ph.rmar.I.

suhstantially more potent antagonist in Helix lhan in rat brain 12,/4(_)-1412
2;I. L,_vell, I{, A., anti Freedman, i). X. (I,q7_;) M_,l. Ph.rm.,'of 12,

(44). One common feature worth noting, however, is that _;21)-t;;10
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