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Previous results have shown that reserpine releases serotonin (5-hydroxy-

tryptamine) from various body depots, including intestine, platelets, and brain

(review--Shore et al., 1957). A wide variety of other centrally acting drugs have

also been studied for their effects on brain serotonin. Of these, only the Rauwolfia

alkaloids that cause sedation were found to liberate serotonin (Brodie et al., 1956).

The present studies provide further information on the release of serotonin by

showing that reserpine induces the discharge of serotonin from platelets in titre

by a mechanism that is not simple physical displacement from a cellular receptor.

Comparison of the effects of a number of Rauwolfia drugs indicates that the

ability to release serotonin from platelets in vitro is limited to alkaloids that exert

a tranquilizing effect in animals.

._,IETHODS AND MATERIALS Seroton "n assay. Serotonin in l)lasma was assayed by a method

described by Sjoerdsma et al. (1957). In this procedure plasma proteins are precipitated
with zinc hydroxide and the scrotonin is determined directly in the acidified supernatant
fluid i)y activation at 2(,)5 m# and measurement of the resulting fluorescence at 550 mz. 3

Experimental procedures. Blood was taken from adult male rabbits, anesthetized with

ether, by eannulation of the carotid artery with polyethylene tubing .d collected in
silicuned centrifuge tubes. One-ninth w)lume of one per cent disodium ethylenediamine
tetraaeetate was added to prevent clotting, lied cells were removed by centrifugal|on of

the blood for 45 minutes at 150 X g. Fivc-ml. aliquots of the platelet-enriehed plasma which

contained 6 to 12 mierogm, of serolonin per ml., were placed in silieoned 20-ml. beakers.
Drugs were added by pipetting into the beakers [).05-ml. aliquots of drug solution. 4 The
samples were incubated at 37 ° C. in a Dubnoff metabolic incubator in an atmosphere of

nitrogen. At the end of _he incubation period samples of the platelel suspensions were

taken for serotonin analysis. The remainder of the suspensions was transferred to siliconed
centrifuge tubes and the platelets removed I)y cent rifugation for 30 minutes at 1200 X g.
Aliqools of the supernatant plasma were then taken for serotonin analysis.

Normally, virtually all the serotonin in l)lasma is h)calized in platelets ;rod, in the ah-

A preliminary account of this work was I)reseut(,d I)efore the Society for Pharmacology
and l,:xperimental Therapeutics, Atlantic (Jity, New Jersey, April, 195fi, and the 20th

International l'hysiological (hmgress, Brussels, July, lil5(i.
2 Guest worker from University of Lund, l.und, Sweden.

a Farrand Speet r(t/]uoroalt_! er was as(!d in | hese st adies.
4 Solutions of drugs were nllMl(_ I)y dissolving variu.s anlotla|s of the free bases in 0.05

m[. K[:u'ial a(,elie acid and adding 0.5 mI. ahSOhLle elham)[, 0.5 nil. propy[ene gi.vcol and
i4 nil. of v,a| er. ()no nil. of |his s()itltilm was diluled _ith .t vl)hlnll,S of isotonic g]lll'tlse sldu-

t ion.

W,, art, ind,.bled t,) Ciba ]'harnl:tceolic:d I'r, Mm.ts. Inc., Ilikt,r l,:tbor:tlories, Inc., :,}d

S. B. l'(.ni,.k n,,,l t',). f()r th(.ir lil)(.r:d d()n:ttions of lh(. various Ra_a,,,lfia alkaloids.
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s,,m.e of added drug, only a small fr:u'li,m of the in&de sp_mtaneously escapes after 4 hours

of incubation in the l)ubnolT shaker. The release of serotonin by various drtlgs ',v:ts thore

fore determitted hy the me:Lsureln_,ll! of serc_tonin found in I)h_sm:L :flier removal of l)htte

lels. Sim'e serotonin is SOlll(_whlLJ tlllst:LJ)h, in the presence of air, the ill(!ll]):ilil)llS W(q'(!

('arried Ollt ill an a/nlosphere of liit i'o_(ql. A llHlllber of (,xl)eriltlel)ls carried o111 ill an at

mosl>here of air, with al)propriate correction for loss of serc_tonin by oxid:ttion, indit':ttr, d

I h:tt t he r_t,te of release was ess('lllially l he s:tme aerolfieally as anaerol)ic:dly.

RESULTS. Rate of scrotm_ia release. ()he microgm, per ml. of reserpim_ was
added to platelet suspensions and the liberation of serotonin from platelets de-
termined after various times of incubation (fig. 1, typical of a number of experi-
ments). Serotonin was freed slowly but continuously, and after four hours, about
half the _rotonin was in plasma and the rest in platelets. To establish that the
release of serotonin was not due to platelet disruption, platelet counts were made
in the plasma with added reserpine and found to he essentially the same as in the
control plasma sample. It is of interest that the release of serotonin showed zero
order kinetics; that is, a constant amount of indole passed into plasma per unit
of time. The liheration of serotonin from the platelet suspensions, without added
reserpine, was usually negligible, but occasionally as much as 10 per cent of the
total indole appeared in plasma. When the period of incubation was longer than
four hours, the spontaneous liberation of serotonin tended to increase rather
sharply, presumably due to disruption of the platelets.

Serotonin release at various reserpine concentrations. Platelets were found to be
extremely sensitive to the effects of reserpine and a definite release of serotonin
was observed at a concentration of reserpine as low as 0.06 microgm, per ml. of
plasma. With increasing concentrations of the alkaloid, the rate of serotonin
liberation increased until the maximal rate was reached at a conc.entration of
about 0.3 microgm, of reserpine per ml. of plasma. Further increase in the level
of reserpine, by as much as twenty-five fold, failed to increase serotonin release
heyond the limiting rate of about 40 to 50 per cent in four hours (fig. 2, tyl)i('al
of a number of experiments).

l I I I I

4.0 _

50 R_ Z

RESERPINE T
u')

m

30 2.0
z_ .u

°,0 ,
N t I I I g

0 ! 2 3 4 !-

HOURS

Fie,. l. Serotonin release after in('ul)ating SUSl)en,_ion of r:d)bit platelets for various

times with reserpine (1 microgm, per mt.).



336 CARI.,SSON, SHORE AND BRODIE

Io ' ' ' ' // ' // ° '

|II U

z_ _

III:$_EIIIPIhlI_00tlCENTIIATIOI_IIIIC_ I_

FIG. 2. Serotonin release after incubating suspensions of rabbit platelets 4 hours with
various concentrations of reserpine.

TABLE 1

Release of serotonin from rabbit blood platelets in _ hours by various druos in vitro

Cone. o[ Drug Serotonin Released

Re._erpine ......................................... 1-2 / 47, 37, 39, 36, 47, 45
l)eserpidine (Recaneseine) ........................ 1-2 38, 37
Rescinnamine .................................... 1-2 37, 37

Rauneseine ..................................... 1-2 37, 41

11-Desmethoxyreserpine ......................... 2 39

Methyl reserpate syringate ....................... 2 47
Methyl reserpate aeetoacetate ................... 2 18

Methyl reserpate ................................. [ 2 8
• Isorauneseine .................................... 1 6

I8oreserpine ...................................... 1-2 0, 02 0
Reserpinine ....................................... L
Aj maline ......................................... t 2 0

Reserpie acid ..................................... / 2 0
Chlorpromazine ................................... / 20 5
Azacyclonol ..................................... 20 2

Phenobarbital .................................. 20 020 0

Lysergic acid diethylamide ....................... i48/80 ................................... 1 0

- * Figures represent release caused solely by drug action; that is total per cent released
less tile small release (averaging 6 per cent) that occurred spontaneously in the control

platelet suspension preparation.

The effect of various druqs on serotonin release. A number of Rauwolfia alkaloids
were incubated with the platelet-enriched plasma preparation. The results in
table 1 show that raune_ine, deserpidine, rescinnamine, 11-desmethoxyreserpine
and methyl re_rpate syringate, all potent tranquilizing agents in the rabbit, re-
leased about 40 to 50 per cent of platelet serotoniu in four hours. It cannot be
concluded from this ob_rvation that these alkaloids are equally active in liber-

ating _rotonin as it is probable that the concentration of each drug was well
above that required for it to exert a maxinml effect. Methyl reserpate acetoace-

tale whi('h exerts only :t slight sedative action in rabbits dislodged ouly a small

amount of _rotonin from platelets. A mmfi)er of Rauwolfia alkaloids that have

uo trumluilizing action failed to release serotonin.
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.Methylre_'rpaleand reserpicacid,hydrolyti_'la'_luetsofreserpine,werealsc_
n.sted,l{eserpieacid,whichcausesnn sedativeeffects,releasedn_ seI'_l_mi.;
and methylreserpate,which has filth,activity,releasedlitth'_w no pl.m,leL
".;Pl'ot ollill.

Several other cent rally act ing drugs, st ructurally unrelated to reserpine, were
also tested: ehhwpromazi,w and azaeyelonol (l"renquel) lweause they have heen
considered to exert central effects similar to those of reserpine, LSI) because it is
an antagonist of reserpine and of serotonin, e_mpouud 48 80 because it has lw('l_
reported to reh,a,,_' serotonit_ from mast cells (Parrott and West, I!)31i),and pho-
nolmrbit.al because of its sedative action. These _.ompounds released little or no
platelet serotonin.

l_ll'cel of lowered temperature ,, reh'a,_c6!! reserpim'. The release of serotonin
from platelets w.u_ measured at room and at ice bath temperature. During a pe-
r'i_l of four hours the platelets at room temperatm'e (25 ° ('.) released only about
20 per cent of the serotonin, while at the temperature of the ice hath there was
negligible release of the amine.

Ntabilit!t o.( re.serpim, in plasma. The stability of reserpine in platelet-enriched
plasma was demonstrated by ineuhation of the drug at a concentration of 1
mierogm, per ml. for four hours. Reserpine was determined by a method which
as.,-_ys the parent compound, but not its hydrolytic pr¢_hwts, methyl reset'pate or
reserpie acid (Hess el a/., 1936). The complete recovery of reserpi_e hHlieated that
littleifany ofthealkaloidhad heenhydrolyzedinplasma.
Analysisofplasnmbeforeand afterremovalofplateletsshowedno significant

difl'ereneein reserpine concentration. This indicates th'ttthe drug had n_t local-
izedin the plateh'ts to a significant de_ree.

l)ts<_cssu_.\. I'revious work has shown thai reserpitie impairs the <'apaeity of
br'fin and platelets in _'it',Jto store serotonin (Br_Mio et al., 1957). The present
studies, which show that reserpine acts directly _m platelets in vitr, suggest that
the use of platelets might be a valuable experimental procedure for study of the
serotonin storage mechanism. The direct liberation of serotonin from plateh'ts
suggests that the liheration of serotonin fro,u other tissues is also induced l,y a
direct actiou of reserpine. Since reserpine releases plateh't serotonin in vitr, and
i, vivo (Shore el al., 195_i) at about the same rate, it is probabh' that the parent,
compound rather than "t metaholi<' product causes release in the intact animal.

The stoiehiometry of the reserpilw-indtwed liberation of serotonin in platelets
indicates that the mechanism is not simply physical displacement from a cellular
receptor. ('aleulation of the amount of serotonin freed by 0.1 mierolcm, of reser-
pine (fig. 2) indicates that one molecule ,ff the alkaloid effected the release of
hundreds of serotonin molecules. The failure of reserpine to release set'ot_nin at a
low temperature also suggests that serotonin is released by a chemical rather than
a ph.vsieal action.

"['11_' llR'e]lalliSlll o|' serotollin l'_.,l_.,lls(' l_v reserpil_e and the lll_.q'halliSlll wh_,l'e[ly

tissues hind serotonin are prolmhly different facets of the same proldem. "l'. de-
serilw .,_.rotm_in as being l_ound is simply stating, that the compound is h.'alized
•rod pn_teeted fr, m_ mottoamine _,xidase whid_ otherwise would qui_.kly destroy
it. To explain the hw:dizatinn, it _..uhl he .,ssumed that the e_mq_,,,nd is an_'h,wed
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onto a specific constituent of the cell. Reserpine could act by "denaturing" the
storage site so that it no longer localizes _rotonin. The high temperature eoeffi-

eient of re._,rpine action and the large mnnher of _rotonin molecules liberated
hy a single molecule of re_rpine are facts ('ompatihle with the concept that _ro-
tonin is kept within the ('ell hy chemical forces. *

The ('lo_ relationship hetween the extent of platelet serotonin relea,'_ by

Rauwolfia alkaloids and their pharma('ologi(.al activity are in accord with the

thesis that their tramluilizing effects are mediated through free _rotonin (Shore

et al., 1957). Thus, isore_+rpiue, a pharma('oh)gi('ally inactive stereoisomer of re-

_rpine, and isoraunes(.ine, an inactive isomer of ratme_.ine, fail to liberate _ro-
tonin. Methyl reserpate a('etoacetate causes only slight though definite sedative

effects and correspondingly liberates only a small amount of serotonin, l{esein-

namine, which profoundly sedates rahhits, releases a great deal of brain _rotonin

in this species, while in the mou_ it exerts (.onsiderahly less pharmacologic activ-

ity and releases much less _rotonin (unpublished). Amphetamine is the only

compound, not a Raawolfia alkaloid, that has been reported to cause the relea_ of

brain _rotm,in in dogs (Paasonen and Vogt, 1956). Thus far we have been unable

to indu(.e the liberation of brain serotonin in rabbits with amphetamine even in
convulsive do_s.

Although ('hlorpromazine and reserpine induce similar central effects, the

former drug does not liberate _rotonin it_ riro or it+ ritro. This tranquilizing agent,

therefore, does not act through _rotonin, a finding that is in accord with other

evidence indicating that ehlorpronmzine and reserpine alter central atttonomic

halanee by different mechanisms (Brodie and Shore, 1957).

The differen(.e in the actions of 48/80 and reserpine are of considerable interest.

The former substance has been demonstrated to rupture nmst (.ells causing an

explosive release of histamine as well as a heparin and the small amount of

_rotonm that they contain. While serotonin is relea_'d from masl cells (Parrott

and West, 1956) and other (.ells by reserpine, these do not appear to be ruptured
by re.,_,rpine.

S|'MMARY

Ih_.'_'rl)ine incubated at 37 ° ('. with piateh,t-em'iehed plasma induces the re-

lea.m, of serotonin from platelets. The alkaloid does not simply displace +_'rotonin
from its bin(ling sites for one molecule of reserpine relea_s hundreds of _rotouin

mole('uh,s. The ability of re_rpine to release _,rotoniu is temperature dependent

I)eing appreciably h)wer at roo,n temperature and almost negligible at 2 ° ('.

()nly those Ra,wolJia alkah)i(Is with reserpine-like pharm'u'ologie properties

cau,,¢ the relea.,_, of .'¢rotonin from platelets. Inncontrast, ehh)rl)rom.tzine, ly_,r-
gic acid diethyhunide, phenmharhital and 4_ :_0 (Io not reh'ase ._'rotoniu.
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