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INTRODUCT ION

The recent identification of the "hormonal® substance serotonin
(1) as 5-hydroxy, 3-(f ethylamine) indole provides opportunities to
explain cause and effect of meny types of cardiovascular disease.
Horeover, because of its pecuilar pharmacologlosl properties it may
prove to be a valuable therspeutie agent.

(ne may theorime that serotonin plays sn important role in estab-
lishing snd maintaining a myocardial infarct. It is lmown that sero-
tonin is released from disintegrating platelets accompanying the clotting
process; thus following thrombus formaiion in a coronary wvessel the
serotonin released causes vasoconstriction in the ares surrounding the
¢lots The ischemis resulting from the vasoconstriction adds to that of
the meehanical block of the thrambus and incresses the area of the in-
faret. _

If this theory be sccepted, then an explanation for the étfeetiw-
ness of heparin in the therapy of angina pectoris is also provided.
Serotonints coronary vasoconstriction causes the pain; serctonin can be
released only when the platelets are clumped; and heparin prevents
platelet elumpdng. The effectivencss of the nitrites in the therapy of
angina alpo is consistent with the serotonin hypothesies as the nitrites
ean relax blood veassels constricted by serotonin.

For many years an explanation for the ssuse of essentisl hyperten-
sion has been sought. With the identification of each new presser sub-
stance found in blood, an attempt is made to explain the cause of hyper-
tension in terms of the substance's sction. Epinephrine (sympathin I)
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( ) l-nor-epinephrine (sympethin E), renin-anglotonin, and VDM (vaso-
depressor mechsnisn) - VEM (vasoemsitor mechanism) a1l have been indi..
ed. - Serotonin may be added to this list. Taylor, Page, and Corcoran
(2) stimilated the central end of the cut vagus and found that bloed
from the jugular eirculstion contained a substance which provoked hyper-
tension in & recipient animal, The properties of this pressor substence
are simllar or identical to those of serotonin. This explanstion, in-
volving sercotonin as the csuse of essentisl hypertension, is attractive
because of the elinlcally recognised overactivity of the central nervous
systom and the fact that the hypnotic drug, phemobarbital, decreases
hypertension. As additional evidence, it is known that during sloep the
blood pressurs is normal in the early hypertensive patient.

One can predict that attempts will be made o0 f£it serotenin inteo
the scheme of explanations invelving peripheral vasoconstriction, Ray-
naud’s disease and Buerger's disesse. Serotonin's presence in platelets
will also focus attemtion on such blood disorders as thrombocytopenia
purpura. |

Serotonin is also o be found in the nomsmmalisn world. Under the
name "enteranmine® the same chemical substance has been isclated from the
posterior salivary gland of Octopus vulgaris end in the skin of amphib-~
ian Discogloasus pistus (4 )- '3

If attention is directed to the structural formula of serotenin it
mbeamthutitmbefomdbyﬁwummnﬂnﬁﬂﬂimd
the mmine aeid tryptophans. The biochemical role of this observation
has not been investigated,
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oH czz COOH CH 0 NH,, CHpCH M,
" tryptophane T tryptamine 1/ 8erotonin
b

Serotonin may well prove to be a useful thergpeutic sgent. Since
it is a vasoconstrictor agent twlce &s potent as epinephrine it may
well be used as a styptiec in onﬂng wounds, as a nasal vasoconstrictor
to shrink eongested turbinetes and to localime injected local anes-
thetles sush as procaine. ’

It is obvious that before serctonin's role in the explanation of
cardiovascular conditions or before it may be used in therspeutics, the
pharmacology of serotonin must be thoroughly studied. As serotonin was
not identified end synthesimed until December of 1951 ( L ) ( 5 ), very
little of the Pharmmcology sc far has been elucidated., IN THIS THESIS
THE STUDY OF THE PHARMACOLOGY OF SEROTONIN HAS BEEN LIMITED TO AN INw
VESTIGATION OF ITS EFFECT ON THE AURICLES AND VENTRICLES OF THE HEART,
AND IN PARTICULAR, ON CARDIAC RHYTHM.
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be detected in blood from peripherel cirveulation. 0%Connor (16), Ste-
vens and Lee (17 ), and Brodle (13) all observed the relationship between
coagulation and vasoconstriction. Vasoconstrictor setion does not
appear in blood samples or exbracts wntil cosgulation takes place. Con-
firmation of this relationship was noted by Trendelenburg (21),

Schulta (22), Stewart and Harvey (23) end Janeway end Park (2L). Fur-
ther proof that the substance is not epinephrine is that supplied by
Battelli (10) and Stewart and Harvey (23) who retarded (blocked) the
vasoconstriction action of epinephrine by previous sdministration of
apoeodeine bubt found the 8érm effective to cause vasoconstriction.
Zwidence that the vasoconstrictor material was & product from formed
ele:nenﬁa :m the blood was produced by Stewert and Zucker (28) who cone
parcd serum to plasms and with othsr body fluids. Thair emicluﬂinn was
that the vasoconstrictor property is developed during the process of
coagulation and was not cormected only with the change of fibrinogen t.n
fibrin. Stewart and Zucker (29 found that extracts of platelets ob-
tadned from eitrated blood, the plasms of which is »totally inactive,
oxert & strong comsiricting effect on arterdal rings. O0'Connor {16
LevSou."odkam Pagniez (26, Janewsy, Richardson, and Park (27, Reid and
Biek (18 and Freund (20 present evidence to confirm this observation.



ISOLATICN OF SEROIONIN

The isolation and purificstion of Serotonin wes undertalken with
bovine serun s the source {op). Fresh blood is placed in e cold room
until the serum is fresd from the retracted clot. The serus is thea
filtered through & gause and wire screen. The collected serum is cen-
trifuged in the cold md the supernstant layer acidified to & pi of 4.5
- 540 with 2 NHCI. Proteins of the serum are procipitated by 95) ethyl
aleohol using e ratic of one part alcohol to 3 of serwa. The mixture is
stirred, oooled overnight, end the protein precipitate dissarded. The
hydro-alecholic solutlon is concentrated by vacwm distillstion under
nitrogen at a tempersture below 40° C, Phosphatides and other acetone
insoluble substances ere vewoved by adding an excess of acetons. Chille
ing in the eold roon, 5° C., allows ths seperation of a clear light amber
suparnatant phase which is decanted off and further concentrated by vacum
distillation under nitrogen, mlowwa‘ Cs There now remains a heavy,
suber colered oil flosting on @ yellow emilsion which is transferred to
& separatory Pumel adding sn squal volwme of chloroform. Careful
axtrection with chloroform at 5° C. removes many of the impurities,
leaving soat of the desired vascconstrictor substance in the agueous
phase, Tﬁammismm%ipﬂﬁﬁgﬂém
5 N ¥adH, The aoiﬁsh:lm is saturated with smmoniunm sulfate (about 0.6
gne por nl.) and the active prineipls is extracted three times with
oqual volumes of n-butanol. The butanol axtrests are chilled to - 10°
G, ever night, then decanted frem residusl water sad salt. The
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active principle in butancl is now precipitated as & complex with &
satursted solution ef diliturie scid (S-nitrobarbituric seid) in sbso-
luts methanol. |

Complete precipitation of serotonin is assured by addition of small
amounts of the dilituric acid solution to the supernstant liquid, re-
peating this wntil & precipitate falls to form. The precipitats is
scpareted by centrifugation and washed free of dilituric acid and
butanol with small volumes of cold methamol. The final precipitate is
dried in o vacuun desiteator and once dry 1s stable indefinitely: The
dilituric scid-vasoconstricter complex may be "broken™ by precipitation
and removal of the dilituric acid as the insoluble megnesiunm salt with
Mg Clg or Mg 80; leaving purs serotonin. |



PHARMACOLOGICAL ASSAY

Unti) the time thet serotonin could be identifisd snd synthesised,
& biocassay procedurc was necessary during the process of its isolation
from serum, The bicassay methﬁd usually employed is a modification by
Page and Green {29) of the method described by Plesensiy (30) ss fol-
lows: using an unanesthetiged rabbit, the base of an ear is clamped
with a Wolfson intestinal clamp. The ear is severed distal te the
clamp using a sharp scalpel, The sidn is slit on either gide of the
central Eterytaradirhﬁu of sbout 2 em. and the sidn flap pulled
back and cut off. The sartery is dissected free snd held steady with a
small hemostat close to the seversd end. A small V inecision is made
into the artery near the hemostat and & emall glass cammla is inserted
end tied. Warm Ringerts solution is used to wash out the remaining
bloeds The ear ie them placed on en inelined draining plate and se-
cured with adhesive tape. The canmmla is connscted with the perfusing
solution which is allowed to flow at & constant rate. The initisl per-
fusion pressure must be 40-50 mm. of mereury, but after a fow mimutes
10 m. is satisfactory for drop rates of about 20 per minute, Injec-
tions of test substances are made imto the perfusste flask or into the
tubing comnscted to the sannuls. The perfusstc is maintsined st 37° C.
and the ear is warmed with electrie lights or by an ineubator.



CHEMICAL IDENTIFICATION

The identification of serotonin was faeilitated by the observa-
tion that it formed e complex with 5 - nitrobarbituric aeid, a eomson
precipitating agent for nitrogencus substances.

Elementsry anslysis of serctonin on two different batches indi
eate: Carbon 41.4%, Hydrogen 6.0%, Nitrogen 17,07, Sulfur 8.0%,
Methylemine 3.0%. This corresponds to an approximate empiric formula
of 0Oy, Hpy Oy HeS with & molecular weight of about 405. Ionic sulfate
determination indicates 21 -~ 23% of smulfate, This observation suggests
serotonin to be the sulfate sall of an organic base, Low sclubility in
water (8mg. per ml) substantiates this. Color reactions such as
Hopicins - Cole, ihriich, Polin, end pine splinter give positive tests.
Although serotonin reduces mmuoniacal silver nitrate, the reaction is
unlike that of typlesl sldehydes. It is precipitated by 707 mercuric
sulfate in 2.5 N sulfuric acids The compound reacte with iodine in an
squeous solution, but does not give the typical bromine-tryptophane re-
action in water, though it does in methanol. 6peéia}. color reactions
of purified material to givé an indication of its substituents ave on
table 1
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PHARMACOLOGY OF SEROTONIN: PRESENT STATUS

With the identification of serctonin as a tryptamine derivative,
its pharmacologic propertiss cen be predicted with remsonable certain-
ty to fall into the class of amputmmimtic anines, It seems logical,
thelrer'ore, to compare its properties with the most ext-ensivnly studied
prepsor suines, l-epinephrine and l-nor-epinephrine {m I and
E)s An outlined sumary comparison of their properties is presented
in table 2.

The primsry pharmacologic action of serotomin is to stimilate
(contract) spoth muscle; all hlood vessels are therefore constricted.
Tha_ vessols of the skin, (33 (gh) (39 (17 mucose {17, muscles
(¢ )s pilmonary vessels () and vessels of sbominal ovgans end nesen-
tory (39 (29 (7) (21) have been studied. This scticn of sere-
tonin differs from that of epinephrine which when glven intravenously
actively or passively dilates vessels through the action on the heart.
lior-epinophrine and serotonin both appear to cause only vasocemstric-
tion. O the lung, specifically the brenshiclar smooth miscle snd the
traches, opinephrine snd nor-epinephrine act to dilate the lumen and
constriet the museulature, while serotenin sppears to evoke constric-
tion of the lumen. On the covemary vessels, epinephrine and nor-
epinephrine produce cither actlive o pasgive dilation while serotonin
congtricts the coronary vessels as it does all other vesgels. The
smooth muscwlatwre of the urinary bladder, ulerus, and gastrointostinal
tract show strildng differences to the three pressor smines. In res-
ponse to epinephrine snd nor-epinephwrine, under most circumstances these
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TABLE 2
A comparison of some common pressor amines (104).
l-epineplrine Y-nor-epinephring ferotonin
9 Hell-H
Heel
O HO Bl
1
{
' N
HOC-H
H C-H
HENH
B (3.4, dihpdroxy (3,4 dinydroxy- S5-hydroxy,
phenyljhy-  phenyllBhyd-  3({8ethylamine)
droxy methyl~ roxy-ethylamine indole
. ethyylamine ‘
Source Chromeffinl. | Sympathetic mmﬁalatele‘bs
tigsue endings |
Tissue Action and comparison to l-epinephrine
l-epinephrine = 1,0
1. Arterial dilator constrictor oonstrictor
musele
2. Coronary dilater 1.0 dilator 0.06 « |constrictor
vesaels G.lh
3, Bronchiolar |dilator 1.0 dilator 1.0 eonstrictor
macle
Lo Trdnary retention of retention of expulsion of
Bladder urine urine
5« Uberus relaxation relexation 0.1~ |sonstricter
1.0 Ody
6. Intestine relsxation relasstion 1.0 constrictor
1.0
T+ Sphinetey mydriasis mydriasis mydriagis
pupuli
8. Cersbrum stimilation 1.0 stimulation 0.5
Hyperglycenia | Yes Yes Yes
9» He&?’b
8. Blood inerease 1.0 increase 1,25+ ineresse 0,034
Pressure 1.5 0.1
ba Oubput incresse 1.0 |increase 1.0 unchanged
&, Hate tachyeardia bradyeardia tachycardia
de Auricle wosk stimla- |strong stimla- |stimslation
tdon tion
2» Ventrigle |stimulation stimilation unaffectad
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tissuos relex, ensbling greater urine retemtion, relsxation of the
wberus (virgin guinea pig) end deorcasing tomus and motility of the
. intestinal tract. BSerotonin causes spasm of &1l viscors resulting in
foreible m‘mabion, uborine constriction, and spamus Qf the gastre-
imssﬁml tract se indicatod by vomiting and defecation. The actien
of all three on the eye in producing mydriasis is gualitatively sime
I, (16) (19) (35) (37) | |
| Amng the miscellancous effects exbibited by sympathomimetic
anines, these three smulnes show less wiformity in setion. The astion
on the contral nervous system by eplnephrine shows features of stimu-
lation such as eupiwx'ia; with ner-epinephrine and serotonin in this
~ respect thers is no sstisfactory data., With regard to hyperglycenia,
videh is caused by all sympathomimetic amines, in the case of soro-
tonin, it sppears to be & direct action on the liver snd is not medi-
ated through the adrensl medulla since there is no change in response
befors or after adrenal demedullationi39Serctonin, like epinephrine
and nor-epinephrine, ne direct action on Glﬁ'bting precesgaes of
bloed; hemdstasis camsed by serotomin being only due to vasceonstric-
tion, although the epinephrine ni@ltted liver produces prothrombin.
(The sctiens of serotonin on the heart end rhythm ave the besis of
this thesis and will be dimeussed eiseﬁhm') |

There have besn synthesised several hundred aralmhmima having
gtreng pharmecclogie properties; these are roughly classified ss pressor
amines. A botter terminology might be employed by using the word sympa-
thueud.caturé ginee same of vthaae derivatives setually camse s fall in
blood pressurs on injection, and other actions are & parody of sympa~
thetic nerve action. Te illustrate: ephedrine, desoxyephedrine and
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amphetamine possesses strong ce:%ztml nervous gystem stimlating prop-
 ertics which are emaggerated when compered with epinephrine. Isopropyl
nor-epinephrine, (Isuprel®), mariedly demonstrates the vasodilator
proporty of epinephrine, This compound end certain alkylamines, as
4ge, 2-amino-hoptenc oveke sinus tachyeardis and appear to lack an
 action of stimulating the ventricle as exhibited by epinephrine., These
exarples are but 2 few of the many types of comperisons of "prossor
emines® that must be mede before one single compound can be adequately
characteriged and evaluated as 2 possibly useful therapeutic agent,
Although aﬁch comparisons of serotonin with the various synthetic pres-
sor amines would be very profitable, it is not the purpose of this
thesls to compare exhaustively, serotonin with other sympathomimetic
amines, '
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off and eoncentrated by vecum distillation as described previously.
Zvaporation of the acetons and soms of the remaining waler leaves a
residue of about 100 ml. of & yellowlsh-brown oil floating en a yellow
emmlsion. This residus was transferred to & separatory fumel adding
an equal ﬁlm of chloroform and 10 ml. of ethanol, (After this

point all operations were undertsken in the refrigerator room st 5° €.)
Shalking of the two phases resulted in a stiff, tenscious emlsion which
required 5 days, 25 prams of added sammonivm sulfate, and 10 ml. of
methanol to separate sufficiently so that the agueous phase containing
serotonin could be removed., (This was mmech different from Rapport,
Green, and Plsaé {28) who seemed to have little difficuliy with the ex-
traction of impurities by chloreform and separation of the agueous-
ahloéofam layersz.) The agqueous exiracts were adjusted to a pi of 5.9
(Beckman pH meter), with 5 N NaOH and the solution was saturated with
60 gn. ammonium sulfate (0;6 gm. per ml.). The active principle was
extracted 3 ti:#es with 100 ml. of n-butanol. The butanol exiracts wore
chilled in the ice compartment of & cabinet refrigerator aml decanted
from the agueous phase. The astive principle was now precipitated es

o complex with 150 ul. of & saturated solution of diliturie scid (5-
nitrobarbiturie acid) in absclute methanol. (2 gu. per 150 nl,‘) The
procipitate was separeted from the solvents by centrifugstion and
washed free of butanol with 3-10 ml., portions of cold absolute methanol.
Attenpts 0 Igidrolyse the serotonin-dilituric acid eomplex with waber
ard water-alcohol mixtures resulted im a viscid yellew cil. Further
purificstion was not undsrtaken. An aliguot of the preperstion was dis-
solved in saline and perfused through the ear of a rabbit according to
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the procedure of Reid and Bick (18). Strong vasoconstriction was seen
to eceunr, »

Repetition of this procedurs on a larger scale was made unnegesg-
sary by the timely synthesis of gerctonine. Serotonin Creatine Sulfate
was generously aupplied by Dr. R. K. Richards, Abbott Laboratories,
Rart.h Chicego, Illinois and Dr, Marvin L. Speeters, The Upjohn Company,
Kalamazoo, Michigen, fhis cryetalline material was used in these ex-

periments,
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B . FPharmscologic Studies

In all of the early experiments ths effect of Serotonin on
blood pressure was also investigated. The poteney, the dosage pressor
response curve, and the phenomenon of tachyphylaxis were found in
these experiments with Eamtmiﬁ te confirm the data supplied by
Dre %. A. Freyburger, Research Laboratories, The Upjohn Company,
Kalamasoo, Michigen. Thus the results of these experiments are not
reported in detail. We found it necessary to preclude recording
carotid blood pressures inasmich as animals used only te record the
electrocardiogran and not cannulated could be used again.

L. The Effect of Serotonin on Cardiac Riyrthm .

Sinoauricular tachycardia. With the knowledge that Serotonin

hes an effect twice as potent as epinephrine on smooth musele, it is
necessary from a therapeutic and physiological standpoint te ascertain
its action upon the heart. As we eould find no mention in the meagre
information avallable of the effects of Serotonin on the heart, it
appeared that such & study was indicated. Effects of Serotonin on tha
heart were studied by the use of & recording electrocardiograph with
stendard lead II electrodes on pentobarbital anesthetized doge e
Serotonin Crectinine Sulfate with intravenous doses excesding 5V/ig.
(2417 ¥ /kgs of Serotonin bass) provoked a sinoauricular tachycardia.
The magnitude of the tachycardia was not directly related to the dose
of Serotonin employeds With an initial rate of 1h0/min., $Vkg.
Serotonin Creatinine Sulfate resulted in a rate of 220/min. larger
doses 100 ~ 1600 (7kzs (L3.5~696 (Jkg. of Serctonin base) also were
followed by a tachycardia amounting to an inerease of 80 - 120 beats/
minute depending on the imitial heart rate. The maximum hesrt rate



obtained thus appeared to correlate with the relative refractory period
of myocardium and not with an ineremental stirulation of the einoe
auricular nodes

There was, however, & dosagesresponse relationship between the
dose of Serotonin used and durstion of tachycardias Serotonin at 5(/kg.,
{2:17Gkge as the base) evoked a tachycardis lasting 17 seconds, Using
doses of Serotonin Creatine Sulfate abt 200 Y/kge and ﬁ&@_??kga {8649
Y/kgs and 347.8 T/kgs of the base) the duration of tachyeardia was 83
and 160 seconds r@apéctiv&ly»

It was noted that some tachyphylaxis to the Serotonin tachycardia
exigted; thus s repetition of the same dose of Serotenin in § - 15
minutes was followed by a tachycardia of &amewhai smaller maznitude
and shorter duration than that of the first. This tachyphylaxis was
never complete. This phenonenon was not further investigated but all
results reported here sre with animals to which no Serctonin had been
‘administered for 2 - L8 hours.

It has been reported (39 ) that pentobarbital sodium snesthesia
is accompanied with a sinus tachyeardia, and that morphine sulfate can
counteract this tachycardia. Measurements, using a stethoscope, of
1 dogs in the animal colony at the University of Oregon Medieal School,
the VWinter of 1952, indicated resting hé&rt rates of 90 - 110.
Examination of the control alan@réeardiographic records of dogs
anesthetized with 35 mg./kg. of pentobarbital sodium intra=peritoneally,
indicated heart rate of 1L0 = 160/min. The administration of morphine
sulfate 1 mg./kge frequently provided Leart rates of 90 = 100/mins
although in zany there was an irregular rate. Serotonin Creatinine

Sulfate appesred to be more effeective in producing s sinus tachveardia
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2. The Mechanism of Aetion of Serotonin: Autonomie Bffects.
Thiz portion of the study of the action of Serotonin on the heart
consisted of proved methods to block components of the sutonomic
nervous system. This was done by the followine methodss Tiw effect
of the vagus on the auricle was blocked by ihe action of stropine,
of whiech 1 mge per kg» was injected intravenously in saline. There
was no change in the action of Serotonin before or after the injection
of atropine and the full effect of atropine had takan‘plaw #s shown
by effective blocking of intravenous doses of acetylcholine caloulated
to cause auricular blocks ﬁyresulhm(ﬁ) » (Ciba~5960) an adrenergic
blocking agent, was injected intravenously 1 mge. per kg After a
latent period to allow ’Apremlmem} to become effective, Serotonin
was obgerved to be in effectim in raising the rate of the auricle.
Prisco]:lhe(ﬁ), an adran&i*ggic blocking agent, was injected intravenously
in 8 ﬁm@aé;@ of 3 mge por kg it had little effect in blocking the
acgtion .caf Serotonin on the auricle. SY-28, (Parke-Davis and Co.) s 8n
improved K}ibanmimw('{;)lika adrenergic blocking agent, was injected
intravenously in a dosage of 1 mg./kg. This drug also had no effect
on the auricular stimulating effect of Serotonine (Fis. 1 and Fige 2)
These experirents tend $o demonstrate that the ae'é::ion of Serotonin
Creatinine Sulfate on the aurial@ iz not mediated through any nervous
means and is solely a stimulating écti.on an the sino-auricular node.
In order to conclusively eliminate sympathetic i’r#i‘lu@ncea, an experiment
must be performed by which the effect of Serotonin on the auricle is
obtained both before and after bilateral removal of the stellate ganglion.
This particular experiment is planned to be & continuing portion of the
research of the action of Serotonin on the hesrte
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FIGURE I

iffect of 3Y-28 Adrenergic Blockade on
Serotonin and Cpinephrine Tachyeardia

A, Contrel lead II electrocardiogran
3. FPost S¥-28 1.0 M-ﬂ‘gi record



31/

SANBORN VisO-CARDIETTE ermapapes

CHART NO. 120




FIQRE o

iffect of S5Y-28 Adrencrglec Hlockads on
Seroteonin and Upinephrine Tachycardia
(eemtinued )

C. Tachyeardia produced by 0.8 ng./kg. Serotonin Creatine
Sulfate 30 mimites Pollowing SY-28 injection. This
sinus tachyeardlia began 20 ssconds after the start of
the injection and lasted 150 seconds. |

D. Tachycerdia produced by eplnephrine lydrochloride USP
10 /kz. This simus tachyemrdis began 12 seconds after
tho start of the injection mud lasted 100 seconds.
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4+ Interaction of Serctonin and acetyleholine on the auricle
(auricular fibrillation).

Vagal stlmulation has long been lmowm to suppress the activiiy of
the sino auricular ﬁacemaimr.- Following wvagal stimulation there way he
bradycardia or complete auricular block. This action may be duplicated
by the injection of acetyleholine or other para~sympathomimatiec drugs.

On occasion, following a sufficiently intense stimilation of the
vagus or an appropriate dose of asstylcholine, aurieular fibrillation
will ogour. Accordingly one explanation for the genesis of eclinicel
auripular fibrillation consists of wagal hypersctivity supported or ine
stigated Ly an as yet unknown E or sxsitent factor. Hahum and loff find
that in diyroloxic petients the injection of acetyl ﬁ fzzet‘*wlgmluw is
follovad %y auricular fibrillation and propose that iwpgmm?ﬁidim nay
nroduce one such I factor.

These observations were utilized to detect any possible arr‘vwwm
produeing quality of Serotonin. :

Mongrel dogs were anesthetized with pentobarbitel sodiws 35 mg./kg.
and the lead II electrocardiogram was taken, Acetyleholine chloride
was Injected using a peripheral maphenous vein, #cetylc}mlim was ad-
ministered in gradusted doses from 0,01 - 1.0 mg./kg. With small doses
ginug bradyeardia was o&samd. Ab approxﬁmw}.y 0402 mg./kge there was
minimal bloek; & single Leat containing two p waves. Larger doses pro-
voked a progressively longer block, With an occasional aninal auricular
fibrillation was evident. (Fig. 3 and Fig. L)

Serotonin Creatine Sulfate syomrgizes the action of asetyl choline
on the auricles. For example in one animal acetyl choline chloride alone
0e6 nige/lege wos followed by @ block (me QES waves) lasting 2L.5 seconds



FIGURE 3
Effect of acelyleholine on the heart
Ar Control lead II electrocardiogram
Be Hlock preduced by 0.8 ng./kg. acetyl
choline chloride

ey
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PIGURE )

Effect of aaelyclchol:!.he on the heart

Ca

Ds

Coarse awrdeunlear fihrdllation produced

by 1.0 mg./ig. acetyl choline chiloride
Auricular fibrillstion from the combined
action of 0.8 mg./kg. asetyl clioline
chlordide and 0.8 mg./kg. Serotenin Creatine
Sl fate
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while the Serotemin Crestine Sulfate, 0.8 mg./kg. added to tho same
doso of acetyl choline was followed by 2 Llock for 32.25 seconds.

In thoee animals which spomtaneously fibwillated with acetyl
choline, Serotonin could be shown to be synergistic in action. Ons
animal could be shown to fibrillate to 1.0 mg. bub not to 0.8 mg./kg.
acetyl choline. This"ibrillatory threshold” wms found quite stable 4f
mtablemmurtﬁummlmﬂhstmmtm. Serotonin
added to & subbireshold doso of acetyl choline did proveke suricular Sib-
rillation. |

It is evident that Serotonin can hardly be an & fector in clinical
suriculer fibrillation even though it be present in humans. The dose
required to synargise vagal action (acetyl choline) in these experi-
mtuiﬁm&;@wthoﬂﬁﬂngi&mgm It is probable that the
WicmmwmmquWmmmm_
lation can be explained quite simply, Acstyl oholine does reach the
sino suricular node by the circulation but it is likely that stimlation
of the vagus norve can provide an additionsl sction. Through &n ine
crease of arterdsl pressure by Serotonin on the earotid body and arch of
the sorts reflex stimilation of the vegus would oceur. |
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I+ Cerdiac Zffecte of Jerctonin During Cyclopropane Anesthesis

in the Dogs (Action on ventricle)

The injestion of epinephrine provokes the hoart to vespond with
premature beats, AV blocks and alow ectopic rhythms, "In accordance
with long accepted interpretation these are belicved to be escape
phenomena fron lower centers. Thelr appearance iz largely due to the
fact that the sino-mmicular pacemsker is reflexly inhibited boomise of
the high arterial pressure, while the sub-suricular centers are under
1itile or no vagel control. Under cyclopropane anssthesia the picture
iz essentislly different, Premsturc beats of verious kinds uay appoar
as before and for the same reasohs, but they last only for trief periods
and ere not followed by slow ectoplc rhythms. On the contrary in overy
ane of the 30 animals studled in the present series there appeared 30
to 40 seconds after injeetion a marksd and long lasting tachycardias,
with gbrowal QRS complexes in tho electrocardiograa® fo),

_ - This phenonamon has been used to detect z latent power of meny

synpathonimetic amines to evoke ventricular techycardia or ventricular
fibrllstion. Neok standlardiged the conditions of this eyclopropane
sensltising experiment so that it ;;d.ght be used as & pharmscologle
assay (). Chlorofomm (jp), xylene, methans, dichlorodiphenyl trichloro-
methane or butene (g ales may be wsed to enhance epinepiwine’s ability
to produce vestricular tachyeardisa or fibrillation. The method used in
the experimonts an sevotonin reported here is a slight nodificstion of
livek's procedure using cyclopropane (1)« |

Uogs without any form of premedicstien were anesthotimed with
Cyclopropane—oxygen using & mask, A cuffed Magill orotrachesl tube was
then inserted with the aid of & larymgoscope. [he andmals were then
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naintained for 30 mimites on & oonoentration of gasce obtatined with &
fiow of 300 ce/nin. oycloprepane and 700 cgfain oxygen; the excess gases
are periodically rolessed from the thres-liter rebresthing bag thus medn-
taining a conptent eancenmtration (327 gynlopropanc). This meintains the
animals in partial intercostal parslymis -- {stage III, plane i1j). A
Heidbrink pas machine was erployed for ministrutim and maintensnce

of snesthesia. ‘

In more than 100 dogs stwiied by this tecimique, weo found that
10 §/ug. opinephrine U.3.P. producss the following offsocte:

(1) Trenaitory ventriculer escapes with predominete suricular
stimlation in 265 of tho enimals. |

(2) Ventrionlar tachycardia lasting 38 - 85 secords in 65 percent
of dogs, and fetal vemtricular fibrillation in 137 of dogs used.

~ Serotonin Creatine Sulfats in doses of 400 ~ 1600 ¥W/kg. (1739-695.5
Wrg. of vase) did not produce myy evidence whatsoever of any kind of
ventricular srrhythmias. It 4s to be noted thet 2.2 times the doso of
epinephrine was used (10 Y/, epinephrine hydrochloride iz 8.3 Y/kg. of
epinephrine base). (Fig. )

Serotonin Creatine Sulfate thus does not exhibit the stimmlation of
ventriculer pacemakors as shown by epinephrine and similar catechol
erdnes, but rether resoubles the phenylisopropyleamines. Iphedrine,
propadrine, amphetamine, desomyephedrine and lsthexine(®) 1ike Serotondn
evoke only sinus tachycardia with cyclopropmne smesthesia. (LS )
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~ PIURE g
Action of Sercionin on fardiac Rhythm
during Cyzlopropane Anesthesia

Control record 30 minutes after industion of snesthesla
with cyclopropanc.

Epinephrine hydrochloride USP 10 Y/kg. Hecord talken 12
seconds efter injection. This ventrieunlar arrhythmis
perslsted 31 seconds mnd was followed by e reguler sime
rhaythm of 210/min. showing & depressed 5T seguent which
lasted an additional 60 scoonds.

Serotouin Creatinine Sulfate 1.6 mg./kg. Record taken
60 soconds after injection. This einus tachyesrdis with
ST depression and rate of 210/min. sppeared 57 seconds
aftor the start of injection and lasted 110 seconds; a
gradually decreasing "normal® simie tachycardia followed.



37

CHART NOQ. 120

SANBORN VISO-CARDIETTE #eten

SANBORN ViS0-CARDIETTE /2tmapapet




Lo

5. Acute Toxicity of Serotonin.

As Serotouin may have promisze as a therapeutic agent, it was
daeﬁed necessary to ascertain the seubte toxicity iy intrevenous
injeetion of *usssive® dossse Iwvious wozk has bewn meager, and as
far 8s is known, has only been done previously with rats and mice,

( 37 ) meinly because of the scarcity of the supply of Sératanin.
Experimental work previously ( 37 ) bhas indicated powerful bronchiolar
and tracheal constriction by Serotonin (37 )s An additional effect
noted is thut rats anesthetized with,miniﬁéi quartities of bnibiﬁuratea
often succumb to a8 liﬁﬁlé as U.1 mge of Serobondn given intravenocusly.
In an unanesthetized ret up to 50 mpe intravenously are tolerated.
Studios lave been carried out with a number of anesthetics and
regardless of the ameethetic the qualitative result is the same to
injected Serotoning enhancement of respiratory depression of the
hypnotice {37 )

The experimental prucedure for determination of acﬁte toxicity
was to snesthetize s dop with pentobarbilel sodium (25 ng. per ke
intraperitoneally). Thé aninal was prepared [or injection by means
of & femoral eanmula through which 5 mge/kps of Serotonin Crestine
Sulfate, 2417 nge/kge of the base, was injected in 10 ml. of isﬁtamie
saline, After & 2 - 3 minute peried of inercased respirations,
resplretion was arrested; at this time, a Maglll oro-trachesl tube
vas passed by the use of a larymgoscope and the animal was bage
breathed with pure oxygen for 10 minutes. After 9 winutes the animal
initiated respirslory movemenis and at 10 minutes he wes able to
brsathewith no mechanical assistance. This affect was interpreted

as a gymergistie affect between the actisn of Serobonin and
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pentobarbital on tle respiratory centers (Fig. 6 and Pige 7)

This ezperiment shows the phzrmacolopic complexity of even
physiolorical materials: A substance which funetions as a smooth
muscle constricting agent also exhibiting synergistic action when given
with hypnotics; at least in the action on the respiratory mechanisme

"It 1s evident from an inspection of the elechrocardiogren that
evan & lethal dose of Serotonin (for if no artificial recpirstion had
boen supplied death would have ocourred) thers is little ebnormal
ventricular setivity. The ventricular extrasystoles may posaibly be
interpreted as belng caused by hypoxis.



FIRINE 6

Et‘teawurnw*‘&awotw
Cregtine 3ulfate on Cardiac Rhythm

A. Control lead II eclectrocardiogren
Bs iocord taken 31 seconds following

5¢0 nge/ltge Serctonin Creatine ma,

C. Record 9L seconds after injection

he
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FiGUHE 7

Fffects of a "lethal" dosze of Serotonin
Creatine Sulfate on Cardiac Rhythw

(eontinued)

De Fecord 107 seconds after injection

Be Record 720 seconds ater injection
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Ldentification of the serun vasooonotiictor substance,
sepstonin crontinine sulfate, 10 prosontod, In additisn, the
various soutes of aynthesle of Sarctonin (Sehpdvoxrtryptasine)
are swrvayed, The ponsible role of this substance in myow
perdial inforotion is theorised, as woll as ite possible
fomertonce 4n essentlal hypertension, Themapentie trial uf
serotenic orcotinine sulfate wos isolsted fros hunen seru and
2dentifled by Mologle assays '

Tha pres or potency and phenomonon of tagtyplylaxds with
Serotoni: wes confirveds

The actlon of Serotonin on candiag wytim woa Investigated in
detail, The sinceuriowlar taciyoardis ovoied Ly Serotonis wao
evlunted and an sttempt made to olueldate its mechanion of
sotion by the use of appropriate "hlseldng® agents. Serotondn
though eoting on the surlole was fousd st to be an Yexsitetory”
factor initiating or maintaining suriculer fibrillation,
Semotonin ¢4 not mrovoke ventrieulsr srchytheiss even though the
ventriales ware sensitized® by gy:lopropance

A prelintasry study of the scute oxicity of Sevotonin in the
dop mdntained by artdficial respdrtion was made and eymorgy
with lymotdo drugs moteds
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