
Et Europ.J.Pharmacol. 66j 179-191 (1980). DES 1677 179 •

8EROTONIN RECEPTORS IN HIPPOCAMPUS AND FRONTAL CORTEX

PHILIPSE__*, KAREN WESTMAN*, DONALD COSCINA ** and J.J. WARSH1'

* Department of Pharm_o_oty, Medical $ciencet Building. UfliverJit_ of Toronto, Toronto. Canada M5$ IAS,
end Depnrtments of Btophyschology *" and Biochemical Psychiatry T, Clarke Institute of hychtetry, 250 Coffeffe
Street. Toronto, Canada, MST IN8

Received 12 February 1979, revised MS received 3 March1980, accepted 27 May 1980

P, SEEMAN, K. WESTMAN, D. COSClNA and J.J. WARSH,Serotonln recepton in hlppocampus and _'ontal
cortex, European J. PharmacoL66 (1980) 179--191.

The inhibitionby variousserotoninagon'"aandantagonistsof the bindingof 3 nM 3H-d-LSD,i .7 nM 3H_tero-
tonin and0.22 nM 3h4piperoneto homogenatesof calf hippocsmpusand frontalcortexwasstudied.The50%
inhibitoryconcentrations(lCs0) for thesedrugsversus_H,d-LSDbindinghadsimilarvaluesto andcorrelatedwith
correspondinglCs0 valuesversus3H4erotoninbinding in the hippoeampus,suggestingthat JH-LSD and :H-
serotonin label similar sites in this region, in the calf frontal cortex, serotoninrevealeda biphasicinhibition
_ainst)H-d-LSD bindingand the tryptaminesinhibited over a concentrationrange of 10000-fold. The IC2j

,aluesof variousdrugsversus3H.d-LSDbindingcorrelatedwiththe ICs0valuesversus3H-serotonin,butdidnot cor-
relatewith the ICso values versus 3H-spiperone. These data suggest that 3H-d-LSDbound to more than one sero-
tonin site in the calf frontalcortex and that 3H_piperone bound to a separate serotonergle site. 8cstchard analyses
of the binding for these three 3H-ligands indicated that in the calf frontal cortex the density of 3H-d.LSD.sites
was approximately equal to the sum of the densities for 3H-serotonin (8-I P-ires)and 3H-spiperone (5-2 sites). Two
weeks after serotonin-depleting radiofrequeney heat lesions of the midbrain dorsal aJ_dmedian raphe nueJei in
rats, both 3H4erotonin and 3H-LSD showed enhanced binding in the hippoctmpus. These data support previous
8uaesttons that auperacmdUvitydevelops specifically in serotonin receptors following afferent denermttion.

8piperone 8erotonin supemenstttvity LSD Tryptamines Raphelesions

1. Introduction the binding of 3H-serotonin. If the sites
labeled by _H_serotonln and 3H,d-LSD are

Although there are several reports describ, truly identical, the molar ICs0 values fo;
ing the labeling of brain serotonin receptors serotonin ought to be comparable to displace
by 3H-serotonin or _H-d.LSD (Farrow and both tritiated ligands (el. Titelerand Seeman,
Van Vunakis, 1973; Bennett and Aghajanian, 1978).
1974; Fillion et al., 1976; Bennett and Snyder, This apparent inconsistency can be
1976; Butt et al., 1976; Fillion et al., 1978; explained if these radioreceptor assays were
Whitaker and Seeman, 1978a,b; Fuxe et al., not sufficiently selective. Alternatively, previ.
1978; Nelson et al., 1978), it is still r,ot clear otis work used brain regions in which multiple
whether both ligands label the same type of receptor sites may have existed for serotonin
serotonin receptor. For example, theserotonin and related compounds; these regions were:
concentration for 5070 inhibition (ICs0 value) rat whole brain (Bennett and Aghajanian,
of 3H<I-LSD binding is generally 35-1000 nM 1974; Ffllion et al., 1978), rat whole cortex
(Bennett and Aghsjanian, 1974; Bennett and (Bennett and 8nyder, 1976) or calf caudate
Snyder, 1976; Fillion et al., 1978; Whitaker (Whitaker and 8eeman, 1978a). Since these
sd_d Seeman, 1978a) which is much higher previously stt_ied res/ons would be expected
than the serotonin ICso value of 1-10nM for to harbor several types of receptors, it b
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desirableto compare the bindingof 3H-sero- theglass-teflonhomogenizer.The homogenate
tonin and "_II<I-LSDin brain regionscon- was finallysuspended at a concentrationof

tainingpredominantlyserotoninsites,namely 300 mg wet weight of the originaltissueper
in the hippocampus and the frontalcortex 5 ml of bufferand storedat --20°C in 5 ml

(Azmitia, 1978a,b). A start in this derection aliquots. Before using, samples were thawed,
was made by Burt et el. (1976) who found pre-incubated for 10 min at 37°C (Nelson et
that the ICso values for d-LSD and serotonin el., 1978) after which 15 ml of buffer were
were 6 and 18 nM, respectively, on 3H-d-LSD added. This final suspension was homogenized
bindingto homogenates ofcalfhippocampus, with a Polytron(Brinkmann InstrumentCo.)

The presentstudy extends the work of Burr at a settingof 7 usinga PT-10 homogenizer

etel.(1976) to otherdrugs which inhibitthe probe ina 50 ml po_ycarbonatetube.
bindingofboth 3H-d-LSD and 3H-serotoninto

hippocampus and frontal cortex. The 2.2.Midbrainraphelesions
inhibitoryeffectsof these drugs on _H-spi-

perone bindingwere alsoexamined,sincethis Electrothermallesionsof the dorsaland

_H-ligandcan labelserotoninreceptors(Ley- median raphe nuclei were made in male ..
sen et el.,1978b; Creeseand Snyder,1978). Wistarrats(200 g;High Oak Ranch,Ontario)

Furthermore,inorderto assessindirectlythe as previouslydescribed(Coscinaand Stancer,
potentialsynapticlocationof thesebinding 1977).The stereotaxiccoordinateswere:AP:
sites,we havedeterminedthebindingcapacity ---0.35ram; ML: 0 (midline);DV: --7.5and

f these _H-ligandsto brain tissuesof rats --5.5 mm from dura; tooth bar settingat

previouslylesionedin the midbrain raphe --2.5ram; 55° for one rainat both loci(see
nuclei. Coscina and Stancer,1977 for details)The

lesionedanimalswere kilh:d14 dayslaterand
thebrainregionsprocessedinthe same way as

2.Materialsand methods thosefrom the calfbrain.

2. I. Preparation of calf tissue homogenates 23. Determination of noradrenaline, dopamine
and serotonin

Fresh calf 'brains were obtained from the

Canada Packers Hunisett plant (Toronto). The The contents of endogenous noradrenaline,
hippocampus and the frontal cortex (gently dopamine and serotonin in sham-treated and
scraped off with a scalpel) were removed lesioned rat brains were measured using
within 2 h after death and suspended in modifications of previously described methods
buffer at an approximate concentration of (Davis et el., 1964; Barchas et ai., 1972). Rat
50 mg wet weight/ml of buffer. Unless other- brain tissues were homogenized in 10 vol 80%
wise specified, the buffer used throughout ethanol, centrifuged, rehomogenized in 5 vol
contained 15 mM Tris-HCl (pH 7.4), 5 mM 80% ethanol, and recentrifuged. The pooled
Na2EDTA, 1.1 mM ascorbate and 12.5 uM supernatants were passed through 10 X 0.3 cm
"_ialamide. A preliminary crude homogenate glass columns containing Amberlite GCS0
Jf the suspension was made using a glass (bed height, 4cm)at 0.6ml/min. Thecolumns
homogenizer with a teflon piston (0.13-0.18 were washed (3 X 3 ml deionized water), and
mm clearance}, _his piston, rotating at 500 the amines eluted in 2.5 ml 0.5 N acetic acid
rpm, was passed up and down 20 times, into tubes (25 _l/tube) containing 25/_l of

The suspension was then centrifuged at 1% ascorbic acid and 1% EDTA solutions.
39 000 X g for 15 min at 4°C; the supematant The Puorometric analyses of serotonin, nor-
was discarded and the pellets, resuspended in adrenaline and dopamine were modified from
8 vol of buffer, were briefly rehomogenized in published procedures (Laverty and Taylor,
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1968; Maickel et al., 1968; Shellenberger and by gravity from a syringe re-pipette in under
Gordon, 1971). For serotonin analysis, 0.5 ml 4 sec. The filter was placed into a liquid
eluate was added to 100 jul 1% cysteine and scintillation vial, 8 ml of Aquasol, (New
1.2 ml ophthaldehyde solution (5 mg/100 ml England Nuclear Corp.) was added, and the
cone. HCI). The tubes were heated in boiling filters monitored for 3H (after 6 h, during
water for 15 rain, cooled and fluorescence which time the filters became translucent) at
measured (activation 372 nm; emission 478 44% efficiency, using a Fackard.liquid sintilla-
nm). For noradrenaline and dopamineanalysis, tion spectrometer. Specific binding of 3H-
1 ml eluates (buffered with 1.5 ml 0.1 M phos- serotonin was defined as the total _amount
phate-buffer, pH 7, containing EDTA) were bound minus that bound in the presence of
adjusted to pH 6.5-7.0 with 0.4 ml 1 N NaOH. 100 nM non-radioactive serotonin. Since the
To begin oxidation, 0.2ml 0.1 N iodine addition of Ca_÷ (cf. Bennett and Snyder,
reagent was added; after 2 rain 0.5 ml alkaline 1976; Nelson et al., 1978) did not affect the
suifite solution was added; after 2 min the ICs0 values of the various drugs tested on
samples were acidified with 0.4 ml glacial _H-serotonin in the present study, the same
acetic acid, heated (boiling water bath) for buffer (containing EDTA) was used for all
4 rain. Noradrenaline fluorescence was mea- three 314-1igands in these experiments.
sured after 30 rain (activation 372 rim; emis-
sion 475 rim). Dopamine fluorescence was 2.5. Specific binding of_tt-d.LSD
measured after returning the samples to the

_iling water bath for another 40 min, cooling The method for measuring the bindir, g of
and waiting 60 rain (activation 320 rim; emis- 3H-d-LSD (10.7 Ci/mmole, Amersham Co.)
sion 370 rim). was similar to that for 3H-serotonin with the

following differences. The final concentration
2.4. Specific binding of 3H.serotonin of 3H_I-LSD was 3 nM, and the specific bind-

ing of 3H-d-LSD was defined as that amount
The [3H]-serotonin binding assaya were of 3tt-d-LSD binding which was displaeeable

done using 12 × 75 mm glass test tubes, in by 200 nM d-LSD. The concentr-ations of
which the following aliquots were placed drugs which inhibited the specific binding of
(using Eppendorf Brinkmann pipettes with 3H-d-LSD by 50% (i.e. the IC_0 values) were
polypropylene tips): 0.1 ml of buffer (with or the same whether or not 50 nM phentolamine
without 600 nM serotonin oxalate); 0.1 ml of was present in the assays on frontal cortex
buffer with different concentrations of corn- and hippocampus; 50 nM phentolamine had
peting drugs; 0.2 ml of [3H]-serotonin (25.6 been used previously in calf caudat¢ tissue to
Ci/mmole; New England Nuclear Corp., preclude the binding of 3H-LSD to adrenergic
Boston; final concentration of 1.7 riM); 0.2 sites (Whitaker and Seeman, 1978b).
mi of brain homogenate (9.2 mg protein per

tube). Each determination was done in quirt- 2.6. Specific bi_ding of 3H-spiperone
tuplicate, with five tubes containing sero-

tonin and five containing buffer. After the The binding of 3tt-spiperone (23 Ci/mmole;
abes were incubated for 30 rain at room New England Nuclear, Boston) to frontal

temperature (22°C), an aliquot of 0.5 ml was cortex and hippocampus was done using con-
removed from each tube and filtered by centrations between 0.05 and 3 nM for

vacuum, through a glass fibre filter (GF/B, Scatchard analysis, and 0.22 nM for all the
Whatman, 24 mm diameter) rising a Millipore inhibition-type of experiments. Otherwise,
stainless steel mesh support for the filter. The the experimental conditions and procedures
filter was then washed with 10 ml of buffer were the same as those for the radioreceptor

a_ room temperature. The wash was delivered assays using 3H_erotonin or 3H_t-LSD. The
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definitionof specificbindingof 31l-spiperone 3.Results

isgivenintheapprc,priatesections.
The specificbinding of 3H-serotonin,_H- 3.1.Calfhippocampus

LSD and 3H-spiperoncwas always measured

on tissuethathad been kept frozen.Previous Figs.1 and 2 indicatethatthe inhibitory
experiencein thislaboratoryindicatedthat potencies{i.e.IC:0 values)of variousdrugs

the data from such frozen tissueare very againstthe binding of 3H-d-LSD in the calf

similarto that for freshtissue,usingthese hippocampus were similarto thoseagainstthe

3H-ligands. bindingof 3H-serotonin.As illustratedin fig.
1,the inhibitoryactionsof thedrugsspanned

2.7.Drugs approximately two orders of magnitude,

indicatingthattheHillcoefficientswere close
All drugs were HCI salts,exceptserotonin to unity {0.94-0.98);the Ilillcoefficientfor

creatininesulfate,methysergide hydrogen haloperidol'sinhibitionof _II-d-LSDbinding
maleate (Sandoz), bufotenin mono-oxalate (datanot infigs.I and 2)was 0.95.

hydrateand methiothepinmaleate.We thank The dissociationconstant (Ks) and the

Farmitaliaformetcrgoline,Organon Labs for densityof bindingsites(Bin,x)for each 311-
"!ianserin,McNeil Laboratoriesfor haloperi- ligandwere measured by Scatchardanalysis
uol, and the Health Protection Branch, using a range of 3H-ligandconcentrations

Department of Nation,-dHealthand Welfare, (fig.3).The datawere analyzedby both non-
Ottawa, Canada ford'methyltryptamine,psi- linearregressionand graphicalprocedures

lodn, bufoteninand d-LSD. (Rosenthal,1967). The binding of 3H-sero-
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FiR. I. Calf hipp_rampus.Examplesof the competitiveinhibitionby variousdru@on the specificbindingof 3H-
scrotonin (top) and of 3H-d-LSD (bottom). Specific binding of YH-serotonin was defined as that displaceable by
100 nM serotonin, while that for 3H-d-LSDwas de;'ined as that displaceable by 200 nM d-LSD. Points indicate
mean: vertical bars indicate S.E.M. of 3 to 6 experiments. Abscissa: moi/I.
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,e'ig.2. Calf hippocampus. Correlation between the ICs0 values for various drugs which inhibited the binding of
3H-d-LSDand of 3H-serotonin to homoRenates of the calf hippoeampus (some data taken from fig. 1). The corre-
lation coefficient was 0.95.

tonin revealed a single set of sites with a KD homogenate (in water for 1 h) only removed
of 0.9 nM and a Bma x of 85 +-5 fmol/mg pro- the high-affinity binding sites for 3H-
tein. The binding of 3H-d-LSD revealed two spiperone, indicating that the low-affinity
sets of sites, the high-affinity sites having a sites were proL-ably non-specific binding sites.
KD of 0.7 nM and a Bm.x of 60 ± 9 fmol/mg
protein, while the low-affinity sites had a KD
of 10 nM and a Bmzx of 260 fmol/mg protein 3.2. Calf frontal cortex
(see fig. 3 legend for additional details).

Since 3H-spiperone can label serotoninergic The results in fig. 4 show data for the
sites (Leysen et al.. 1978b), the binding of inhibition by various drugs on the binding
this 3H-ligand was also measured (fig. 3). De- of 3H-serotonin, 3H_l-LSD and 3H-spiperone
fining specific binding of 3H-spiperone as that to homogenates of the calf frontal cortex.
which was displaceable by 100 nM spiperone The inhibition by serotonin and other trypt-
(Hartley and Seeman, 1978; Seeman et al., amines (e,g. dimethyltryptamine) versus 3H-
1979), this 3H-ligand revealed two sets of d-LSD occm'red over 4 orders of magnitude
binding sites: high-affinity binding sites with of concentration, suggesting that the inhibi-
a K D of 0.4 nM and a Bin. x of 52 fmol/mg tion was occurrir,g at multiple binding sites
protein, and low-affinity sites with a KD of for 3tt<i-LSD (cf. Titeler et al., 1978); in fact,
4 nM and a Bm,_ of 350 fmol/mg protein. As the shallow slope for the inhibition by sero.
Leysen eta]. (1978a) have pointed out, each tonin against 3H<i-LSD clearly occurred in
3H.ligand, particularly 3H-spiperone, may also two phases, the transition of which wr,_ at
have 'saturable, non-specific binding sites'. 100 nM serotonin (fig. 4B).
These sites remain after heating the tissue. As The inhibition by the various drugs versus
indicated in fig. 3, boiling calf hippocampus 3H-spiperone (fig. 4C) also suggested that "_H-



184 P. SEEMAN ET AL.

"_H-serotoni, spiperonewas bindingto multiplesitessince

i K_._o' " the drugs inhibitedover 3 or 4 ordersof

* _o-0*,,_ magnitude of drug concentration. An ira-
so portant observation was the fact that LSD,

f_ ,_ .s_..,,_._. methiothepin and methysergide all revealed_o discontinuitie_ at 50% of total 3H-spiperone
\r\ , binding (fig. 4C). LSD, for example, inhibited

'H-LSD 50% of the totalbindingof 3H-spiperoneover

loo_ "_nl% 0,°_ 2 orders of magnitude of concentration and

L_,, • 6.... _0,,,_,_, • I_D''_"_ gave no further competition between 1 andf' ._v_ 10pMd-LSD. Thedata in fig. 4Calsoshowso ', that serotoninwas considerablymore effec.

_ .... "_, _.-.___""" ._'_ _' tire than dopamine in inhibiting the binding
', .......-/- ...._-_'._._ of 3H-spiperone.Thisagreeswiththe work of

. 0 L_I l_t.:t_L _..L 1 _L La.a_A._Ll La_.]..1 , t.=._.J
Leysen et al. (1978b) who demonstrated thatQ,

lso_- _ 'H-sD,perone 3H-spiperone binds to serotonergic receptors
_k_,_o, _,_, " in the rat frontal cortex. All these observations

_, K_. suggestedthatI-I0pM d-LSD would serveas
,00 ',_'--_,____'_ an appropriate baseline fordefiningthespeci-_:?\ fic binding of 3H-spiperone to the frontal

_ i...........---_-__ cortexserotonergiesite_.
so_- ',I_o-o. ".......,-__'--_ .... More daLa and relationsbetween the ICso

I %m.,.-_,_,_ _ i_%" °_ ..... "'-*- (or IC:s) values for these 311.1igands are shown
_- ' I_...3-,0,__ " infig.5.There was agood correlationbetween

0[--_._-J_LJ:.-- __: _L.J_.LL _____._ L ______J__ the IC values for "_H-d-LSD and 3H-serotonin

wo _so 2oo 250 (paxtieularlyusing the ICes valuesfor _H-d-

Fig.3. Calf hippocampus. Measurement of the disso- LSD). Fig.5C indicatesthat there was no
elation constants (KD) and the density of binding relation whatever between the IC values for "'

sites (Brnax) for 3H-serotonin (top: correlation eoeffi- 3H-spiperone and those for either 3H-LSD or
rient = 0.85), 3H-d-LSD (middle) and 3H-spiperone _H-serotonin.
(bottom); specific binding was defined as that dis-

The KD and Bin, _ values for the binding ofplaceable by 100 nM serotonin, 200 nM d-LSD and
100riM spiperone, respectively. The data for 3H- 3H-serotonin, 5H<i-LSD and 3H-spiperone to
serotonin were from a representative experiment. For the calf frontal cortex are shov, n in fig. 6.
three experiment_ using :_H-_erotonin, the KD was " The bir_ding of 3H<t-LSDi(fig. 6A) revealed a
0.9±0.1 nM {mean +-S.E.M.), and the Bma x was Kv of 2.8 nM and a Bin, x of 160 fmol/mg

85 ± 5 fmol/mg protein. The data for 3H-LSD repre- protein (defining specific binding as that dis--_nt a superposition of data pooled from 3 separate
:periments. The 3H-LSD datawereresolvedinto placeableby 1/_M d-LSD); as shown in fig.

two components of binding using nonlinear regression 6A, these sites were completely heat-labile
analysis (interrupted lines); the KD valuesfor thehigh- (1 h in boiling water). The binding of 3H-
and low-affinity components of 3H-LSD binding were serotonin (fig. 6B) revealed a Kv of 0.7 nM
0.7 ± 0.2 nM and 10 ± 3 nM, respectively, while the
densities of binding sites (Bma x v_lues) were 60 -+9 and a Bins x of 68 fmol/mg protein. The bind-
fmol/mg protein and 260 fmoi/mg protein, respec-
tively. The data f,3r 3H-spiperone were from a repre-
sentative experiment. The binding of 3H-spiperone 52 ± 20 fmoi/mg protein and 350 + 120 fmol/mg pro-
was in each experiment resolved into 2 components rein. The high-affinity binding sites for all three 3H-
of binding using graphical procedures (Rosenthal, liganfts were heat-labile (boiled ti_ue data for 3H-
1967); the high- and low-affinity components of bind- spiperone are shown at bottom). Ordinate: bound/

ing revealed Ku value_ of 0.4 ± 0.1 nM and 4 ± 1.5 free, (fmollmg)/(nmolll). Ab_cim: bound, fmoi/mg
nM, respectively, with corresponding Bm_ values of protein.
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Fig. 4. Calf frontal cortex. Competition of various drugs for 1.7 nM 3H-serotonin (top), 3 nM 3H-d-LSD (middle)
and 0.22 nM 3H-spiperone (bottom). In order to calculate the ICso values, 10/JM d-LSD was u_ed to define the

specific binding of 3H-spiperone to the serotonergic sites. Note that serotonin was more effective than dopamine,
_ncurring with the data of Leysen et al. (1978b) on rat frontal cortex, and that d-LSD inhibited 3H-_piperone
,nding over 2 orde_ of magnitude of concentration with no further inhibition between 1 and 10 pM d-LSD. The

Hill coefficient for spiperone inhibiting 3H-5HT binding (data not shown) was 0.85. Vertical markers indicate
8.E.M. of 4-6 experiments per point. Point_ without ban indicate averages of only two experiments. All deter-
mination_ were in quadruplicate. Abscissae: mol/i.

ing of _I_-spiperone (fig. 6C) indicated two KD of 3.4 nM aPd a Bin, x of 290 final/rag
sites, the high-affinity sites having a KD of protein. As mentioned in connection with the
0.57 nM and a Bin. x Of 75 fmol/mg protein; data in fig. 4, an appropriate baseline for
these sites were heat.labile. The low affinity defining the specific binding of 3H_piperone
sites were hc_t4table (fig. 6C) and had a was 1-10 pM d-LSD. Using ouch a baseline,
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A. ' /_.,o.,,_o,_ 3.3.Effects of midbrain raphe lesionson3H-ligandbinding

_ / sham-operated rats was measured for its
c r .S_,o,.... .M........ endogenous content of noradrenaline,dopa-

_ L /.,i .... tso mine and serotonin. Four pooled sets of
10 J *_....... Q'_ 5 forebrains in each pool were measured from

" • MetrTQOb_eF /4_S_LSO both groupsas thissame poolingwas usedto

c _ /•M_,.,,o,,,,_,, permit radioreceptor assays. Excluding the
1L ,,_m-L L_,,.,I . .,,.,,,I , ,,,,, regions which had been removed for radio-

100_--• , _ttt_ - t-t ,_t.. I ' _'""_ _"_'"'_ receptor assay (frontal cortex, hypothalamus,
_ / .,.... d,,," hippocampus and striatum), raphe lesions

--J E ()_T • .' _........ ,_.,_, ..... resulted in an 82% decrease of serotnninX

_ L_ / c,,,,,,........ (from 444±21 ng/g to 79-+8ng/g; P<1 /
0_. _'s'"......... 0.001, using Student's t-test), an insignifi-
_ _.,.,go......f/_*'.'a.......Lso cant increase in dopamine content (6%,

- I-S,.o,o.,. Ls_ from 560 nglg to 594 nglg),and a smallbut
• *_//L_'"'°'_.... significantdecreasein noradrenalinecontentV__, ,(,,,,d _,__l_,,,I t __,_,.t__, , .....

t lo 10o 10o0 1000o (from 303 ± 3 ng/g down to 256 -+8 ng/g).

nMOC..on 'H-S_oto,,, Previous experience in this laboratory (D.C.}
o 100c---_m'T_''"'*q •-,,,,,.] _--._,_ indicated that raphe lesions were always

_C. o.4._,,,,_, _ equally effective in different forebrain regions.
4 F ooN,,-:l As shown in figs. 7 and 8, raphe lesions_" L . • _.oo. 4

410/__ _ ....... resu!ted in an apparently increased density of% : "_It-d-LSD sites in the hippocampus (fig. 7)

0_'"_"_'_ 1 (from a control value of 135 ± 7 fmol/mg
• M_te¢_ohne

,_.,._,..o,. ,_so s_,o,oo,_ proteinto 163-+7 fmollmg protein)and a
u_._d___ _J_.._. ___..._t_ • / slight but insignificant increase in the rat1 I I ILLkU,

1 10 100 1000 10,000 frontalcortex(fig.8). The raphe lesionsalso

aM, IC_on_H-spiperone increasedthe specificbindingof_H-serotonin

Fig. 5. Calf frontal cortex. The concentrations of in the rat hippocampus (fig. 7) but not in the
various drugs (IC values) which inhibited 3H-serotonin frontal cortex (fig. 8). The lesions had no
binding correlated with those which inhibited the effect on the binding of _H-spipe_one (fig. 7).
binding of 3H-d-I,SD. There was a better correlation
using the ICes values for 3H-LSD (fit,,. 5B) (correla-
tion coefficient = 0.90) than those using ICs0 values
for _H-d-LSD (fig. 5A_ (correlatiou coefficient = 4. Discussion
" 81). There was no correlation between the IC

Aues on _H-d-LSD and those on the binding of The results in figs. 1 and 2 suggest that
31Lspiperone (fig: 5C), presumably because 3H-d- SH<I-LSD and SH-serotonin bind to similar
LSD and 3H-spiperone were not labeling the same

sites in the calf hippocampus since the ICs0
serotonin receptor sites. DMT indicates dimethyl-
tryptamine, values for the two SH-ligands were similar

(fig. 2). The densities of the high-affinity
sites for these two _H-ligands were also

the specific binding of _H-spiperone to the approximately similar (fig. 2; 85 ± 5 fro•l/
calf frontal cortex revealed a single set of mg protein for _H-serotonin; 60 ± 9 fmol/mg
sites with a Kn of 0.34 nM and Bm.x of 53 protein for SH-LSD).
fmol/mg protein (fig. 6D). The data in the calf frontal cortex (figs.
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Fig. 6. Calf frontal curtex. K D and lima x parameters for the binding of 3H-d-LSD (fig. 6A). :_JI-serotonin (fig. GB) '_
and 3H-spiperone (figs. 6C and 6D), using different baselines (as indicated) to define specific binding of each 3H-
ligand. (A)The binding of 3It-LSD (regression coefficient was 0.96) revealed a K D of 2.8 +-0.3 nM (mean -- S.E.M.
from 3 experiments, only 1 representative experiment of which is shown above) and a Bma x of 160 -+20 fmol/mg
protein. The high affinity binding sites for 3 H-LSD were heat-tsbile, as shown by the points indicated by 'boiled'
(1 h in boiling water bath). (B) The binding of 3H-serotonin (defined as that inhibited by 100 nM serotonin)

•ealed a KD of 0.7 + 0.2 nM (mean -+S.E.M. from 3 experime,ts, only 1 representative experiment of which is
. own above, and which had a regression coefficient of 0.92) and Bml x of 68 + 15 fmoi/mg protein. (C) The
binding of 3H-spiperone to calf frontal cortex was biphasic and the two components were resolved by nonlinear
regression analysis. The data shown here are a composite From 3 experiments. The K D valu_ for the high- and
low-affinity components were 0.57 + 0.10 nM and 3.4 ± 0.5 nM (mean ± S.E.M.), respectively. The corresponding
Bml x values were 75 + 10 fmol/mg protein and 290 + 30 fmol/mg protein. The high-affinity binding sites were
heat-labile (data indicated by 'boiled'). (D) The binding of 3H-spiperone, with specific binding defined as that
inhibited by the addition of 10//M LSD, revealed a KD of 0.34 ± 0.09 nM and a Bin,, of 53 fmo|/mg protein; the
results shown above are a superposition of data (regression coefficient of 0.90) from 3 experiments, from which

the KD and Brat x values were obtained. The density of high-affinity binding sites for 3H-spiperone, as defined by
using either excess apiperone (fig. 6C) or excess d-LSD (fig. 6D) were approximately similar (53 to 75 fmol.lmg

protein). Ordinates: B/F, (fmol/mg)/(nmol/I). Abscissae: bound, fmol/mg protein.
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_O0__O Fig. 8. Rat frontal cortex. Raphe nucleus lesionshad

no effect on the specific binding of 3H-d-LSD or 3H-
. o serotonin to rat frontal cortex homogenates. Other

_a--* _'_,o_,o details were as in fig. 7. Ordinotes: bound/free,

200F . * - -__ o'--- . (fmollmg)l(nmolll).tein. Abscissae: bound, fmollmg pro-F
' 4-6) gave additional clues as to the possible

.L_L__,-l • 1 _ I, t _L .... inter-relation_ between the sites for the three0 200 400 600 000 _000 1200
SH-ligands stt,died. The biphasic nature of the

Fig. 7. Rat hippocampus. The specific binding of 3H- serotonin 3H-d-LSD inhibition (fig. 4B) and
d-LSD and 3H-serotonin to rat hippocampus 2 weeks
after making electrolytic lesions of the raphe nucleus, the shallow slopes spanning 4 orders of magni-
T_e correlation coefficient (r) for the control -_H-LSD . tude of concentration of other agonists such
data was 0.97 while that for the binding of 3H-LSD as dimethyltryptamine on 3H-LSD indicated
to the lesioned tissue had an r of 0.94. For 3H-LSD that SH<I-LSD might be labeling more than

binding the intercept on the abscis_ (Bronx) was one site. The IC2svalues forSH-LSDcorre luted
163 ±7 fmol/mg protein (mean ± S.E.M.) and dif-

fered significantly (P < 0.01) from the control value with the ICs0 values for ZH-serotonin (fig. 5B);
of 1,35 -+-7 fmol/mg protein. No statistical analysis this correlation was better than that between
was done on the data for 3H-serotonin binding, since the two sets of ICs0 values (fig. 5A), an ob-
there' appeared to be more than one component of servation consistent with the possibility that
binding and the data were insufficient to resolve into 3H<bLSD binds to more than one site.
two sets of binding sites. 3H-Spiperone binding
(defined as that displaceable by 100 ru_| spiperone) Scatchard analysis of the binding of _H-d-
was unaffected by the lesions. Vertical bars indicate LS_.) to the calf frontal cortex (fig. 6A), how-

"8.E.M., and horizontal bars Indicate the range of e_.r, revealed a single set of binding sites for
value_ _rouped. Each point represents the mean of _H<I-LSD with a KD of 2.8 aM. If, therefore,
5 assays of 4 independent pools of tissues, each pool sH<I.LSD binds to more than one site, as

of tissue coming from 3 rats. Ordinates: bound/
free, (fmOllmg)/(nmol)/l). Abscissae: bound, fmoll suggested by the data in figs. 4B, 5A and 5B,
.mE protein, it does so with similar affinities to those sites.

...... U'
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The datainfig.4C indicatedthat3H-spiper- 3H-d,LSD and 3H-spiperonebound to sero- !/_.

one alsobound to serotonergicsitesin the tonergic sites,there was no correlation i

calf frontalcortex,based on the following between the IC _aluesforthesetwo 3H-ligands •_i

observations.(I) Serotonin was the most (fig.SC).Thisabsenceof a correlationsuggests

effectiveneurotransmittertested.The ICs0 that3H<I.LSD and _H-spiperonelabeldifferent •
ifor serotoninwas 4.5 yM, which was much types of serotonergicsites.The densityof

lower than 23 _M for dopamine or 100 _M 31_-d-LSDsites(160 fmol/mg protein)was :

for adrenalineand noradrenaline.Thisfinding higherthan the densityof high-affinitysites !
isin agreementwith thework of Leysenetal. for311-spiperone(75 fmol/mg protein)or the

(1978b5 on rat frontal cortex. (2) The three density of 3H-serotonin sites (68 fmo!/mg pro- _
serotonin antagonists, d-LSD, methiothepin tein) but happened to be approximately equal '

and methysergide, all inhibited the binding of to the sum of the site densities for the latter
3H-spiperone to approximately the same level two 3H-ligands (fig. 6). This same type of ob- !
of 50% of total binding (see fig. 4C); concen- servation has very recently been made by Pe- _
trationsof methiothepin and methysergide routka and Snyder (19795in theirstudieson .''i

higher than 10 -6 M and 10 -s M, respectively, the rat brain. "

' i

further inhibited 3H-spiperone binding, how- It is known that animals can be made
ever, in what appeared to be a separate (and behaviourally supe_ensitive to serotonin-like
low-affinity) component of inhibition. Thus, • drugs by lesion s of the serotonin neurones
" _ concentration of 1 _M of either d-LSD, (Stewart et al., 19765; some neurones also
,._thiothepin or methysergide served to become iontophoretically more sensitive to
define the high-affinity (or 'specific') binding serotonin (particularly in the _tmygdala and
sites for 3H-spiperone to frontal cortex. (3) the lateral geniculate) if the depletion of sero-
A further indicatio_ that 3H-spiperone was tonin is sufficient (De Montigny et al., 1979).
binding to serotonezgic sites was that there Early work had not found any effect of
was a qualitative relation between the ICs0 serotonergie lesions on the binding of 3H-d-
values for serotonin antagonists and their in LSD or 3H-serotonin (Bennett and *Aghaja-
vivo potencies to antagonize tryptamine- nian, 1974; Bennett and Snyder, 1976)_ pos.
induced clonic seizures in rats (data from sibly because these early studies may have
Leysen et al., 1978b). For example, the EDso been detecting low-affinity binding (i.e. the
values to antagJnize seizures were between serotonin ICs0 values versus 3H-d-LSD were
2 and 2.48/_mol/kg for mianserin, chlor- 200-1000aM).
promazine and haloperidol; the ICs0 values The present dPta (fig. 7),however, indicate
for these three drugs on 3H-spiperone were that raphe lesions which produced marked
between 12 and 38 nM. Methiothepin and depletion of endogenous serotonin resulted

spiperone, which were much more potent in in elevations in the densities of 3H<I-LSD and
antagonizing the tryptamine-induced seizures 3H-serotonin binding sites. These data agree
(EDs0 values of 0.2/Jmol/kg), were much better with more recent work on this point.
more potent in inhibiting the binding of For example, Nelson et al. (1978, 1979)

_-spiperone (ICs0 values of 9 and 2.5 aM, found that the density of 3H-serotonin sites
respectively). (4) The binding of 3H-spiperone incre_ed by 39 to 48% in the'hippocamptm
to calf frontal cortex was also tested in the after intracerebral injection of 5,7-dihydroxy-

presence of different concentrations of sero- tryptamine which lowered endct_enous sero-
tonin (data not presented here) and the tonin concentration by 80%. Also, Fuxeetal.
inhibition was found to be of the competitive (1978) have observed a 58% increase in the
type. These criteria were used by Leysen et al. density of 3H-d-LSD sites in the cerebral
(1978b5 for defining serotonergic binding cortex following 5,7<lihydroxYtryptamirte
sites for _H-6piperone. Finally, although both lesions. Overall, therefore, the present data
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(fig.7) together with those of Nelson et al. Bennett,J.L.and G.K. Aghajanian,1974, D-LSD

and Fuxe et al. are consistent with the con- bindingto brainhomogenates:possiblerelation-

clusion that 3H<I,LSD and 3H-serotonin pre- shiptoserotoninreceptors,LifeScl.15,1935.
Bennett,Jr.,J.P.and S.H. Snyder,1976,Serotonin

dominantly label postsynaptic sites. Corn- and lysergic acid diethylamide binding in rat brain
patible with this is the work of Coy|e et al. membranes: relationship to postsyneptic serotonin

(1978) and Fillion et al. (1979) who both receptors, Mol. Pharmacol, 12, 373.
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" Science 195, 416.
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