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ABSlRACT

Laubscher, Andreas, Alfred Pletscher and Hans Nolh Inter- = (31.1 _+3.3) × 10 -9 M; Bma_= 28.9 -+ 2,7 fmols per 108
action of o-L SD with blood platelets of rabbits: Shape change platelets]. This binding was strongly antagonized by o-LSD and

specific binding. J. Pharmacol. Exp. Thor. 216" 385-389, methergoline _and less by the hallucinogenic drugs, psilocin,
. _81. bufotenin and N'N'-dimethyltryptamine. L-LSD and 5 HT, inhib-

itors of 5 HT uptake and neuroleptics, especially spiroperidoI
In blood platelets of rabbits, the shape change-inducing effect and butaclamol, had only a weak antagonistic effect. The latter
of D-lysergic acid diethylamide (D-LSD) has been compared showed stereospecificity. It is concluded that 1) the shape
with the o-LSD-binding, o-LSD, but not L-LSD, caused a shape change reaction caused by o-LSD in platelets is mediated by
change reaction (ECso 1.3 x 10 -9 M) which was inhibited by the specific 5 HT-receptor, 2) the sites mediating the o-LSD-
various 5-HT antagonists(methergo$ine and neuroleptic drugs), induced shape change reaction are not identical with those
butaclamot showing marked stereospeciticity. Strong inhibitors responsible for D-[3H]LSD-binding and both these sites are
of 5 HT uptake were only weak in counteracting the o-LSD- different from the 5 HT-transport sites and 3) with respect to D-
induced shape change. Furthermore, o-{3H]LSD bound to plate- LSD-binding sites, platelets and neurons are not exactly iden-
lets at a single saturable, high affinity, stereoselective site [K, tical.

Blood platelet.s have certain similarities with monoaminergic platelets and if there is a relation between binding and func-
neurons, for instance in the carrier-mediated uptake of 5-hy- tional changes, e.g. the shape change reaction.

droxytryptamine (5 HI') at the plasma membrane and its The present work indicates that D-LSD shows saturable, high
inhibition by drugs and in the intracellular storage, liberation affinity, stereospecific binding to the plasma membrane of
and metabolism of monoamines, especially 5 HT. In addition, rabbit platelets. Among the compounds which are specific
platelets possess high affinity binding sites for 5 HT at the agonists and antagonists of the shape change reaction induced
plasma membrane suggesting the presence of specific 5 HT- by D-LSD, only ergoline derivatives specifically inhibited D-
receptors. These probably also mediate the 5 HT-induced shape LSD binding, neuroleptics and 5 HT exerting little activity.
change reaction in which the normal dis_',_id shape of the
platelets becomes spheroid with the extrusion of blebs and Materials and Methods
pseudopods (Born et al., 1978; Graf and Pletscher, 1979). It has
indeed been shown that there is close correlation between the Materials. D-[:_H]LSD (13.3 Ci mmol _) was obtained from the

Radiochemical Center, Amersham, England. The source of the other
potencies of 5 HT antagonists in inhibiting high affinity binding compounds has been indicated earlier (Graf and Pietscher, 1979).
of ['_H]5 HT and their potencies in counteractin!., _he 5 HT- Isolation of platelets. Rabbits (Swi_, either sex, 2-4 kg)fasted for
induced shape change (Drummond, 1976). 16 hr, were bled under light ether anesthesia through a polyethylene

Other 5-hydroxytryptaminergic drngs, e.g. the potent hallu- cannula inserted into a carotid artery. Blood was collected in a plastic
cinogen D-lysergic acid diethylami,h, (D-LSD), also caused a bottle containing 0.38% Na-citrate (final concentration). Platelebrich
shape change reaction in platelets (Graf and Pletscher, 1979). plasma (PRP) was separated by centrifugation of the whole blood at
In addition, D-LSD showed saturable, high affinity, stereospe- 400 × g for I0 rain at 22°C. Platelet_s were then isolated from PRP by
cific binding to membranes of brain neurons (Bennett and means of a discontinuous dextran gradient and resuspended in tris-
Snyder, 1976; Leysen et al., 1978; Peroutka and Snyder, 1979). buffer, containing 0.14 M NaCI, 0.0076 M KCI, (I:_q76M tris(hy4coxy-
It was of interest therefore to find out if D-LSD also binds to methylamino)methane and 0.0129 M tri-sodium-citrate • 2H_O, pH 7.4,

as previously described (Graf et al., 1979). In some experiments, plate-
lets were isolated by centrifugation of PRP at 6000 × g and washed

Receivedfor publication July 30,1980. three times in tris-buffer, each washing being followed by centrifugation
This work wassupported by (;rant GM 26968fromthe National Institutes of at 6000 × g for 10 min at 4°C. For most of the hindit_g studies, theHealth.
['resent address: Departmentof Biochemistryand MolecularBiology,North- second washing was carried out with tris-buffer containing 3.5%butanol

western University, Evanston, IL 60201. (at I)°C for 15 rain) (No|l et al., 1979). This procedure removes super-
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ficinl proteins from the platelets, mostly plasma proteins as shown by 7-
sodium dodecyl sulfate-acrylamide gel electrophoresis of the superna-
tant. Electronmicroscopy showed that the membranes of the butanol- 100
treated platelets were still intact, although there was a decrease of
osmophilic structures in the interior, especially a- and 5 HT-granules.

Shape change experiments. Platelets isolated by a dextran gra-
dient were used for these experiments (Graf and Pletscher, 1979). >

Aliquots of the final platelet suspension (500 #i, final concentration of E.
platelets l0 b _1-I in tris-buffer) were preincubated for 30 min at 37°C.
D-LSD and antagonists were then added in a volume of 2.5 to 7.5 pl of _ 50
H20, the antagonist 1 rain before the D-LSD. Control experiments o_

using solvent only were also carried out. The shape change was deter-
mined with an Elvi 840 Aggregometer by measuring tim maximal light *$

absorption of the platelet suspensions which occurred within 5 rain. .__m
The samples were stirred at 900 rpm with a magnetic stirrer during

measurement. The light absorption was recorded on a Rikadenki B-361 0
recorder with a full scale deflection of 500 mV. The reference point O I I ! I
mV was obtained from suspensions of normal platelets stirred as 3,3 1 3 10 n bl

indicated above. Increasing millivolts means increasing light absorption [ D- LSD ]

due to shape change. Fig. 2. Shape change reaction of rabbit platelets induced by various
Binding experiments. Blood platelets (5 x I0 _, determined in a molar concentrations of D-LSD. Each point is an average with S.E.M.

Coulter counter) were incubated for l0 min at 37°C in 500 #1 of tris- of four experiments.
buffer with D-[;_H]LSD either alone to determine total binding or in
the presence of a 1000-fold excess of the unlabeled compound to
determine nonspecific binding. In some experiments the compounds maximum after 5 to 10 rain and remained at this level for at
listed in table 2 were also added to the incubation mixture. Subse- least 30 rain. In contrast, the shape change induced by 5 HT

quently, the samples were rapidly filtered through a Whatman GF/C was maximal after about 1 rain and then it decreased continu-
filter and washed twice with 5 ml of cold tris-buffer. The radioactivity ously to control level in about 60 rain (Graf and Pletscher,

on the f'flters was measured in toluene containing 2,5-diphenyloxazole- 1979). The light absorption increased with rising concentrations
1,4-bis[2-(4-methyl-5-phenyloxazolyl)] benzene as scintillator. The ef- of D-LSD, maximal values being reached at about 3 x 10-" M

fect of varying the platelet concentration of the incubation mixture was (fig. 2). The EC._ of D-LSD was (1.3 +_ 0.4) x 10-" M, thus
also determined. Specific binding of D-[_H]LSD was cab',, = _r,d as the considerably lower than that previously reported for 5 HT (2.1
1 I, .'fference between total binding and nonspecific binding. "Iot;dly bound

t) ['H]LSD did not exceed 1% of the D-[:_H]LSD initially present in the x 10 -7) (Graf and Pletscher, 1979). The maximum shape change
incubation medium, obtained with D-LSD (98 _+ 20 mV) was about 20% of that

Calculations. The molar concentrations of the compounds inducing induced by 10 -6 M 5 HT (500 mV).
half the maximal effect (EC_) and those causing half-maximal inhibi- Effect of drugs on shape change. The shape change

tion (ICr_) were determined graphically. The binding of D-[aH]LSD to induced by 10 -s M D-LSD was potently antagonized by meth-

platelets was analyzed graphically by the method of Scatchard (1949). ergoline and neuroleptic drugs, including D-butaclamol (IC_
Statistical analysis was performed with Student's t test. values between 10 -9 and 10 -_ M). There was marked stereo-

specificity, since D-LSD, which did not cause any shape change
Results reaction in concentrations as high as 10 -'_ M (Graf and

Shape change. The shape change reaction (measured by Pletscher, 1979), and L-butaclamol were virtually inactive as

the increase in the light absorption of the platelet suspensions) antagonists. Chlorimipramine and imipramine which are potent

induced by D-LSD differed in its time course from that caused inhibitors of 5 HT uptake were up to 3 orders less potent than

by 5 HT (fig. 1). With D-LSD, the shape change reached its methergoline and the active neuroleptics (table 1).
Binding. D-LSD bound specifically to platelets, the binding

being maximal after an incubation time of 1 rain and remaining

500 I unchanged for at least 30 min. Specifically bound D-[:IH]LSD

I f-'k was displaced from the platelets by incubation with a 1000-fold

400 I / --_ excess of unlabeled D-LSD after the binding reaction had takenplace. The amount of bound D-[:_H]LSD was proportional to

I / _ HT the concentration of the platelets. A plot of specific binding as

300 _-_ a function of D-LSD-concentration is shown in figure 3. Analysis

of this curve according to Scatchard (1949) indicates the pres-

( "- ence of one class of binding site with a K,_ of (31.1 _+ 3.3) × 10-'
200 _ M and Bm,_ (maximal binding), of 28.9 _+ 2.7 fmols/10 _ platelets,

lOO 44 ..... equivalent to 174 +_ 15 binding sites per platelet (fig. 3, inset).

L_ There was no significant difference (P > .05) in the K_ or Bm._
values between the platelets which had been isolated by a

0 p, dextran gradient and those isolated by centrifugation of the
f m _ , , _ PRP followed by washing either with tris-buffer alone or with
1 2 3 a 5 6

minutes tris-buffer and 3.5% butanol. However, the butanol procedure

Fig. 1. Shape change reaction induced by 10 -8 M D-LSD and 10 -6 M was mainly used in the present experiments because it consid-
5 HT in rabbit platelets The ordinate indicates the light absorption in crably decreased the nonspecific binding (table 2).
millivolts of the platelet ,.;uspensions. Typical experiments. Effects of drugs on binding. Unlabeled D-LSD showed

I
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TABLE 1

ICso (molar concentration causing a 50% inhibition of the maximal effect) of various compounds for the shape change induced by 10 -a M
o-LSD in rabbit platelets, for specific binding of D-[3H]LSD (10 -e M) to rabbit platelets and for specific binding of o-[3H]LSD to rat brain
membranes.

Thevalues for plateletsare averageswith S.EM. of threeto fiveexperiments.The valuesfor rat brainmembraneshave been takenfrom the literature(Bennettand
Snyder, 1976; Leyseneta/., 1978; Peroutka andSnyder, 1979; Oegrenet al., 1979); the concentrationsof D-[3H]I_SDwere 2 to 4 X 10 9 M.

IC_o

Drug Platelets Brainmembrane

Shapechange Binding Binding

D-LSDa (3.4 :t: 0.8) x 10 -8 5-8 x 10 -9
L-LSD >10 -s (2.4 ± 0.5) x 10 -8 2 x 10 -8
Methergoline (1.8 ± 0.7) x 10 -Q (3.5 ± 1.2) x 10 -e 0.8-10 x 10 -8
Methiothepine (1.3 ± 0.4) x 10 -9 (7.2 ± 0.7) x 10 -z ~10 -8
Spiroperidol (1.7 ± 0.7) x 10 ,9 (2.7 __ 0.6) x 10 -8 6-11 x 10 -9
o-Butaclamol (6.1 ± 0.3) x 10 -9 (2.9 ± 0.9) x 10 -6 4-7 x 10 -e
L-Butaclamol >10 -8 (3.0 ± 0.3) x 10 =e 7 X 10 =6
Bufotenin* (2.0 ± 0.6) x 10 -7 2-3 x 10 -7
Psilocin" (6.6 + 1.3) x 10 -7 10 -e
N',N"dimethyltryptamine 8 (7.5 + 1.2) x 10 -z 2 x 10 -e
5 HT8 (3.7 ± 1.2) x 10 -8 0.1-7 x 10 -7
Chlorimipramine (2.4 ± 0.1) x 10 -7 (3.3 ± 0.7) x 10 -6 2.1 x 10 -s
Imipramine (3.2 ± 1.0) x 10 -e (1.5 ± 0.4) x 10 -s 1.5 x 10 -6

5-HT agonistsinducinga shapechange reaction.

TABLE2

Ka, B,,,,, and nonspecific binding (in percentage of total binding) of
200 • o-[3H]-LSD in rabbit platelets isolated by 3 different procedures

Ineach experimentthe threedifferentpreparationswere obtainedfromthe same
pool of PRP. Each valueis an averagewith S.E.M. of four experiments.Signlfi-

i 150 cance, nonspecificbinding:butanolvs. trisand dextran (P < .01.)I" Iso_ation Ka Bin, Nonsl)ecificBinding
100 nM fmo//10e p/ate/ets %

Dextran gradient 48.2 ± 12.8 35.4 ± 11.0 49.0 ± 4.7
Washing, tris 37.9 ± 10.1 51.9 ± 12.7 38.6 ± 2.8

30 50 Washing, butanol 41.4 ± 11.0 49.4 ± 12.9 22.3 -1-3.5

0 I !
f n_dsper

0 10 20 30 108 plat. considerable potency in counteracting the specific binding of D-

bound 3H-D-LSD [3H]LSD to platelets, whereas nonradioactive L-LSD was two

_ 20 orders of magnitude less potent. Among the other drugs tested,

methergoline was the most potent inhibitor (3.5 x 10 -8 M)

followed by hallucinogenic drugs (bufotenin, psilocybin, and
N'N'-dimethyltryptarnine, table2). Neuroleptics,especiallyspi-

roperidol and butaclamol, were very weak antagonists and there

was no stereospecificity of butaclamol. Strong inhibitors of 5

E lO HT uptake (chlorimipramine and imipramine) as well as 5 HT

itself had very little if any antagonistic effect. In general, the
drugs were more potent in counteracting the D-LSD-induced

shape change than D-[3H]LSD-binding.

o , , , Discussion
1 3 6 10 30 50nM The present results confLrrn earlier findings that D-LSD in-

l duced a shape change reaction in rabbit platelets (Graf and
3H'D'LSD- Pletscher, 1979). They also showed that the shape changes

Fig. 3. Bottom, specific binding of D-{3H]LSD (= total binding of o-[3H] caused by D-LSD and 5 HT differed from each ,,ther in time

LSD minus binding of o-[_H]LSD in the presence of a 1000-fold excess course and magnitude. However, various 5 HT antagonists of

of unlabeled D-LSD) to rabbit platelets previously treated with 3.5% the ergoline and neuroleptic type which markedly inhibited thebutanol. Ordinate: temtomoles bound o-[3H]LSD per 106 platelets. Each
point is an average with S.EM. of four experiments. Top, Scatchard 5 HT-induced shape change (Graf and Pletscher, 1979) also
analysis of the values from below Ordinate: strongly counteracted that due to D-L._D and there was ste-

reoselectivity of butaclamol in both cases. Furthermore, the

bound D-[3H]LSDx 108. potencies of the compounds in antagonizing the two types of
freeo-{_H]LSD shape change were of a similarorder (Grafand Pletscher,1979).
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These findings indicate that the shape change caused by D- differently toward certain drugs does not necessarily mean that
LSD is probably mediated by the 5 HT-receptor of the platelets, there is no functional link. Thus, drugs causing or antagonizing

It has been previously shown that the receptor mediating the a shape change mediated by the 5 HT-receptor may have a
5 HT-induced shape change is not identical with the site re- binding site which is different from that for D-['*H]LSD, e.g. at
sponsible for 5 HT uptake into the platelets (5 HT-transport the 5 HT-receptor itself. On the other hand, it cannot be
sites) (Drummond, 1976}.The present results indicate that the excluded that p-[3H]LSD also has a specific binding site at the
D-LSD-induced shape change was also not mediated by the site 5 HT-receptor, which could not be detected with the methods
responsible for 5 HT uptake. On the one hand, strong inhibitors that were used.
of the 5 HT uptake, especially imipramine, had only a weak Whether or not the neuroleptics bind to the same sites as 5
antagonistic effect on the D-LSD-induced shape change reaction HT has not yet been clarified. With [:_H|spiroperidol, as with
(table 1). On the other hand, as we have shown in human haloperidol (Boullin et el., 1978) no displaceable, specific bind-
platelets for spiroperidol (Laubscher and Pletscher, 1979) and ing could be found, possibly because it was hidden by nonspe-
in rabbit platelets for spiroperidol and methergnline, these 5 cific binding. High affinity binding of [:'H|-5 HT has been
HT antagonists were virtually inactive in inhibiting the uptake detected in rat platelets (Drummond, 1976; yon Hahn et el.,
of 5 HT (ECs0 values > 10-s M). 1980). However, we were not able to demonstrate any such

The binding experiments show that D-LSD bound with high binding in rabbit platelets, possibly because it was too small
affinity and reversibly to stereospecific sites on the platelets. In compared wit h the binding of ['C|-5 HT to the uptake sites
preliminary experiments, platelet membranes isolated as indi- and the diffusion of ['4C]-5 HT into the platelets.
cated by Brunette and Till (1971) also exhibited specific, sat- In contrast to the neuroleptics and 5 HT, methergoline was
urable binding of D-[aH]LSD, the Kmvalue being similar to that as potent as unlabeled D-LSD in displacing D-[:_H]LSD). There-
in intact platelets. The binding sites of D-[:_H]LSDare therefore fore, the primary site of action of methergoline might be the t-
probably localized mainly on the plasma membranes of the [:_H]LSD-binding sites. The hallucinogenic 5 HT-agonists, psil-
platelets: The kinetics of the D-[3H]LSD-binding were different ocin, bufotenin and N'N'-dimethyltryptamine also displaced D-
from those of the D-LSD-induced shape change reaction. Thus, ['_H]LSD. Their potencies were about equal or only slightly less
the IQ in the binding studies was about 30 times higher than than their potencies as shape change agonists (Graf and
the ECso in the shape change experiments. The shape change Pletscher, 1979), suggesting that these drugs are able to interact
reaction had already reached its maximum at a D-LSD-concen- with the D-LSD-binding sites as well.
tration at which only about 10%of the D-[aH]LSD-binding sites The binding sites for o-LSD in membranes of brain neurons
were occupied (compare figs. 2 and 3). This discrepancy could seem to differ in certain respects from those in platelets. Thus,
b,, explained by assuming that the sites labeled in the binding not only, ergoline derivatives (metbergoline and D-LSD) but
studies are those which transport 5 HT, i.e., membrane sites also neuroleptics were strong and stereospecific antagonists of
different from the receptors mediating shape change. However, the D-LSD-binding and 5 HT was much more potent than in
this possibility is unlikely since we have shown that n.LSD is platelets in displacing D-['_H]LSD (Bennett and Snyder, 1976;
a very weak inhibitor of 5 HT uptake (IC_ > 10-s M), probably Leysen et at, 1978; Peroutka and Snyder, 1979). In the brain,
due to its low affinity for the 5 HT uptake sites. In addition, two types of 5 HT-receptors have been proposed to exist, i.e.,
imipramine, which is known to bind to the 5 HT-transporter of receptors for 5 HT (5 HT_) and those for neurolepties (5 HT2).
the plasma membrane (Talvenheimo et al., 1979), and chlori- v-LSD is thought to bind to both types of receptors (Peroutka
mipramine, another uptake inhibitor of 5 HT, were virtually and Snyder, 1979). The results of D-[;_H]LSD-binding to plate-
inactive in displacing D-[_H]I,SD from its binding sites. There- lets reported here are hardly consistent with this hypothesis
fore, the site responsible for the D-LSD-induced shape change and hence, with respect to D-[3H]LSD-binding, platelets cannot
(i.e., the 5 HT receptor) is probably different from the 5 HT be regarded as exact models for neurons (fig. 4).
uptake site. D-LSD also affects dopaminergic neurons in the brain (Pieri

Neuroleptic drugs, i.e., spiroperidol, D-butaclamol and meth-
iothepine, were rather weak in displacing D-[3H]LSD from its
binding sites, especially when compared with their considerably
more potent effect as inhibitors of the D-LSD-induced shape N 5 HT-shape change
change. Also, there was no stereoselectivity of butaclamol. This receptor
indicates that neuroleptics do not specifically interact with the
D-[:_HlLSD-binding site, although these drugs markedly inter- ,,
feted with the D-LSD-induced shape change reaction, possible ,

In addition, 5 HT had virtually no effect on D-[3H]LSD - functional link ',,,,. D- LSD-binding

binding, although our results showed that the shape changes _-- site

induced by D-LSD and by 5 HT were probably mediated by
the same receptor. Therefore, the 5 HT receptor responsible
for the D-LSD-induced shape change reaction does not seem to
be identical with the site responsible for D-[:_H]LSD-binding. It
has not yet been established that these two sites are functionally 5 HTuptake site
linked. However, this possibility should be considered since I)-
['_H]LSD showed only one high affinity, stereospecifie binding
site, which was different from the 5 HT-receptor. The finding
that the 5 HT-receptor and the D-[_H]LSD binding site behaved Fig. 4. Hypothetical model of varioussites at the platelet membrane.
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et al., 1974;von Hungenet al., 1974;Da Prada et ai., 1975). GRAF, M., LAUBSCHER, A., RICHARDS, Z. G. AND PLETSCHER, A.: Blood platelets
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1979, experiments in this laboratory) and specific DA-receptt)rs lg33-1840, 1979.
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