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ABSTRACT 

Determination of the physiologic roles 

(5-HT) has long been hampered by the lack 

specific for certain of the 5-HT receptor 

of serotonin 

of compounds 

subtypes. The 

objective of this dissertation was to characterize vascular 

serotonin receptors in certain arteries and to develop 

functional assays for the putative 5-HT 1A and 

receptors in vascular tissue to test novel compounds. 

Although 5-HT 1A receptor involvement in the 5-HT contraction 

of the canine basilar artery was previously reported. the 8-

OH-DPAT (5-HT 1A specific agonist) EC 50 values in the canine. 

rabbit. guinea pig. and bovine basilar arteries studies were 

not consistent with the presence of 5-HT 1A receptors. 

Studies examining the 5-HT 2 selective antagonist ketanserin. 

several novel aryltryptamines with a range of affinities. 

and enantiomers of spiroxatrine. in the 5-HT-contracted rat 

aorta showed a good correlation between the aorta affinities 

and the affinities of these compounds at the (3 H]ketanserin 

binding site (defined as 5-HT 2 ) in the rat frontal cortex. 

Comparison of the affinities of several known and novel 

compounds in the rat aorta and the rabbit femoral artery to 

the [3 H]ketanserin site affinities in the frontal cortices 

of both species showed that the rabbit femoral artery 

5-HT 2-like receptor was similar but not identical to either 

12 



the rat aorta or the CNS sites from either species. The 

rabbit aorta and the rat femoral artery were then examined 

to determine if the 5-HT 2 receptor heterogeneity was species 

or vascular bed specific. The results from all four 

vascular tissues showed that no two tissues had identical 

responses to the compounds studied. The rat aorta appeared 

unique in the lack of agonist activity of RU 24969 and the 

non-competitive antagonism of 5-HT by methysergide, but 

correlated to the CNS site for the affinities of all 

compounds. 

definitive 

The major finding of the dissertation was the 

evidence for vascular receptor 

heterogeneity; this subtype was previously thought to be 

homogeneous. Development of more selective compounds for 5-

HT receptor subtypes may lead to greater understanding of 

the physiological roles of serotonin. 

13 



CHAPTER 1. 

INTRODUCTION 

The endogenous neurotransmitter serotonin has been 

implicated in many phenomena including the pathology of 

anxiety, depression, hypertension, migraine, Raynaud's 

phenomenon, and vasospasm of the coronary and the cerebral 

vasculature. As compared to the cholinergic and 

adrenergic systems, the precise involvement of serotonin 

in both the physiological and pathological 

manifestations of 

the cardiovascular 

serotonin was 

hydroxytryptamine 

the central nervous system (CNS) and 

system is somewhat unclear. Although 

isolated and identified as 5-

in the late nineteen forties, 

definition of the role of serotonin has been hampered by 

the lack of highly selective drugs for serotonin 

receptor subtypes. The dearth of pharmacological tools is 

especially pronounced for antagonists selective for certain 

serotonin receptor subtypes. 

the last been made in 

understanding of serotonergic 

The great progress which has 

ten years toward the 

systems has been intimately 

intertwined with the development of new compounds and 

better definition of serotonin receptor subtypes. The 

focus of the following dissertation comprises the dual 

endeavor to develop reliable functional assays for 

14 



receptor subtypes, to aid in the certain serotonin 

discovery of more selective serotonergic drugs, coupled 

to the characterization of the serotonergic receptor 

subtypes present in selected arterial smooth muscle. 

The focus of thJ s dissertation, 1. e. the 

chara~terization of arterial smooth muscle responses to 

serotonin, has a strong historical basis as the first 

descriptions of what was probably the action of 

serotonin appeared during the late nineteenth and early 

twentieth century in the study of blood vessels constricting 

in response to exposure to clotting blood (Brodie, 1900; 

see also Wang and Peroutka, 1988). While the initial 

observations of the action of "serotonin" were primarily a 

complication of isolated vascular smooth muscle 

underway at 

simultaneously 

the Cleveland 

Erspamer and 

clinic 

his 

in the 

laboratory 

studies 

1930's, 

found a 

substance in the gut which they termed "enteramine" (for 

a review of early history see Wang and Peroutka, 1988). 

However, the realization that the blood factor 

(thrombocytin or serotonin) and "enteramine" were the 

same entity (Erspamer and Asero, 1952) waited until the 

isolation and identification of the chemical 

composition of serotonin as 5-hydroxytryptamine by Rapport 

---.~----~--- --- -_._--------_. -- .~,. -----.---. -.-.,,-._-
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and colleagues (Rapport et al., 1948: Rapport, 1949) . 

Figure 1 shows the structure of serotonin or 5-

hydroxytryptamine. The compound shown in Figure 1 will be 

interchangeably referred to as serotonin, 5-

hydroxytryptamine or abbreviated as 5-HT throughout this 

work. While the Rapport's group continued with extensive 

studies of serotonin, the synthesis and availability of 

synthetic 5-hydroxytryptamine sparked a burst of 

pharmacological studies by several groups in both in vivo 

and in vitro preparations. The early findings on the 

physiological effects of 5-hydroxytryptamine are 

exhaustivelY reviewed by Erspamer in volume 19 of the 

Handbook of Experimental Pharmacology (Erspamer, 1966) . 

The early studies of the cardiovascular effects of 5-HT can 

be broken down into three categories: cardiovascular 

effects in vivo, effects in particular vascular beds, and 

effects on in vitro vessel preparations. The following 

brief historical review will concentrate on the in vivo and 

in vitro aspects of vascular serotonin research. 

Early studies Qll the effects Qf ~ Qll systemic blood 
pressure lQ Y!Y2 

Overall, the effect of 5-8T on blood pressure was 

found to be mixed and species dependent. In intact dogs, 

5-HT showed a multiplicity of actions leading Erspamer to 

relate: "Only rarely have different researchers obtained 

--.---.-.-... -.-.~--.--.---- .... --_._-" .-.----_.-.-_ ... -
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5-HT 

Figure 1. Structure of serotonin. 5-hydroxytryptamine. 5-HT. 
and. "enteramine." (from Taylor. 1985) 

17 



exactly superimposable results and even the same 

investigators have often failed to elicit similar response 

in different dogs or even in the same dog ... " (Erspamer, 

1966). Generalizing for the canine, the 

pressure response is biphasic. Intravenous 

5-HT produced some variation of a brief 

mean blood 

infusion of 

fall in mean 

~terial pressure followed by a slightly more sustained 

rise. The pressor response was shown to be more 

pronounced in the spinal dog preparation but did not show 

a clear cut dose-response relationship to intravenous 5-HT. 

More interesting to the 

were the effects of 

current pharmacological efforts 

a series of early known 

compounds which blocked the pressor response but not the 

fall in blood pressure. Compounds that were shown to block 

the hypertensive effect of 5-HT by various researchers 

were: piperoxane, priscoline, 

nicotine, BOL, 

ergot alkaloids 

yohimbine, 

ergotamine, 

(Erspamer, 

dibenamine, 

and the 

1966; Gaddum 

dibenzyline, 

hydrogenated 

1937). The most potent compounds at blocking the 5-HT 

pressor response were methysergide and LSD (Schneider and 

Rinehart, 1956). Interestingly, early work with cocaine in 

the intact canine showed that low doses potentiated the 

pressor effect of 5-HT while high doses inhibited the brief 

hypertension (Weidman and Cerletti, 1961). These early 

findings contribute directly to current understanding of 

the serotonergic systems and to findings presented in 

18 



Chapter 2 of this dissertation. 

Other early studies of the in vivo effects of 

5-hydroxytryptamine in other species showed 

that generalizations among species are difficult. In 

intact cats intravenous administration of 5-

hydroxytryptamine 

1952) and more 

produces predominately hypotension (Reid, 

rarely a biphasic blood pressure 

response similar to dogs. 5-Hydroxytryptamine 

produces only hypertension in the pithed and spinal cat 

Cocaine potentiates these vascular preparations. 

responses in cats and BOL and LSD only slightly and 

irregularly blocked the 5-HT effect (Weidman and 

1961) Weidman and Cerletti suggested from their 

with the reserpinized spinal cat that 5-HT must 

Cerletti, 

findings 

have a 

direct action on the heart and the vascular smooth muscle 

cells. To summarize, in vivo cardiovascular effects of 

5-HT across species, the calf and the rabbit 

resembled the cat with predominantly a hypotensive 

response to 5-HT, and the guinea pig and the rat resembled 

the dog showing biphasic responses (Erspamer, 1966). 

Limited studies in vivo with humans showed that the 

cardiovascular responses to 5-HT were dose and route 

dependent and highly variable (Erspamer, 1966). 

19 



Early studies ~ In vitro smooth muscle preparations 

The most complete early pharmacology in isolated 

vessels were done by Rand and Reid (1952) and Shaw and 

Wooley (1953) studying carotid artery strips from dogs and 

sheep. In these early studies Rand and Reid showed that the 

5-HT-elicited contractions were blocked by yohimbine and 

potentiated by cocaine. In sheep carotid artery Shaw and 

Wooley described the effect of a series of ergot and 

harmane alkaloids on 5-HT contractions (Shaw and Wooley, 

1953) in one of the most complete of the early structure 

activity relationship (SAR) studies of antagonists to the 

vascular smooth muscle effects of 5-HT. 

Serotonin receptor identification and classification 

Shaw and Wooley are ~he authors of the earliest 

published suggestion of a separate receptor for serotonin in 

vascular tissues, but they had no specific data to support 

the suggestion other than a structure activity study with 

ergot and harmane alkaloids (Shaw and Wooley, 1953). 

Weidman and Cerletti (1961) using reserpine-treated dogs 

suggested that "5-HT vasoconstriction has a character all 

it's own that acts at a hypothetical synaptic structure 

20 



intermediate between the site of norepinephrine action 

(direct action on vascular smooth muscle) 

site of action of tyramine (liberation 

norepinephrine-like substance from 

and 

of 

the 

a 

depots)." 

Furchgott in 1955 Showed the beRt early evidence for 

specific receptors for 5-HT (Furchgott, 1955). He 

the impression that the rabbit aorta had 

contractile receptors for 5-HT from a lack 

protection to irreversible alkylation by 

of 

offered 

distinct 

cross 

dibenamine 

from other neurotransmitters such as 

norepinephrine. Shortly thereafter, Gaddum and Picarelli 

(1957), using the isolated guinea pig ileum showed 

evidence for two distinct 5-HT receptor subtypes. 

These "subtypes" of the 5-HT ~eceptor were referred to 

as the 5-HTM (neuronal) and the 5-HTn receptor (smooth 

muscle) from the receptors' sensitivity to morphine 

dibenzyline respectively. Although the evidence 

and 

for 

multiple 5-HT receptor subtypes in peripheral functional 

systems continued to grow, the idea of multiple receptors 

remained controversial. In reference to the so-called 

"amphibaric" actions of 5-HT by ~.'" senior member of the 

serotonin team at the Cleveland clinic, Irvine H. Page 

wrote in 1968: "I wonder if the body actually uses such 

built in flexibility as a measure of furthering functional 

economy; one substance could either increase or 

decrease peripheral resistance." (Page, 1968) Page makes no 

-----~.,----.. -----------.~-.... --~ .. " ----------
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reference to multiple 5-HT receptors as a possible 

explanation. He suggested, instead, the depressor response 

to 5-HT is due to three factors: 1) release of histamine, 

2) inhibition of neurogenic tone, and 3) dose-response 

relationship of 5-HT. Although Page did not mention 5-HT 

receptor subtypes, the current view is that each of these 

observed phenomena Is related to a specific 5-HT 

receptor subtype. In contract, Offermeier and Ariens in a 

classic review of isolated tissue 5-HT responses, were more 

inclined toward a receptor subtype or receptor regulation 

explanation of the multiple effects of 5-HT (Offermeier and 

Ariens, 1966). 

In the late sixties and seventies, unti 1 the 

development and widespread use of ligand binding techniques, 

behavioral and other functional responses to 5-HT were 

classified by their pharmacological profiles as involving 

5-HTM, 5-HT O' or neither 5-HTM nor 5-HTO receptors from the 

Gaddum and Picarelli classification (Gaddum and Picarelli, 

1957). Functional studies involving the CNS suggested 

that some well-studied "antagonists" of 5-HT, d-LSO and 

methysergide 

excitatory 

failed to 

Straughan, 

Aghajanian, 

blocked certain electrophysiological 

responses and 5-HT-induced behaviors, but 

antagonize or potentiated others (Roberts and 

1967; 

1974) . 

Boakes et al., 1970; Haigler and 

These CNS studies suggested that there 

---------_.-.. _.-. __ ... _-_ .. ----.-~.--,,---
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were probably more 5-HT receptor subtypes than the M and n 

receptors centrally. 

In blood vessels, although morphine and dibenzyline 

cannot be considered selective for 5-HT receptor, the 

classification of M and n continued to be referenced in the 

literature until the early eighties. Most of the work in 

the late sixties and seventies centered upon showing the 

existence of 5-HT receptors in various vascular 

preparations in a variety of species (as examples: Walsh, 

1967; Northover and Northover, 1969; Krishnamurty, 1971; 

Toda et al., 1976). Saxena's group did one of the earliest 

and most extensive attempts at classification of vascular 

5-HT receptors using tissues from several species 

several vascular beds (Saxena et al., 1971). By 

early eighties most vascular 5-HT studies were 

and 

the 

done 

from the perspective of classifying 5-HT receptors as 5-

5-HTn, or neither. What allowed these new 

classifications to be more consistent was the increasing 

availabil ity 

for 5-HT 

of a range of compounds more selective 

receptors than morphine, dibenzyline and 

some of the earlier examined drugs. The overall 

conclusions from this period were that most but not all 

5-HT elicited contractions in blood vessels probably 

occurred through the 5-HTn receptor (Saxena, 1982). 

Exceptions to 5-HTn receptors involving contraction were 
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found in veins, 

(Saxena, 1982). 

neuronal in 

and in cerebral and coronary arteries 

5-HTM receptors were well accepted as 

most peripheral blood vessel 

preparations. 5-HT-Induced relaxation in blood vessels was 

nearly always classified as involving neither 5-HTM nor 

5-HTn receptors (Fenuik et al., 1983). Interestingly, 

Edvinnson et al. (1978) suggested that the 5-HT receptor 

involved in relaxation of the feline cranial arteries 

was p adrenergic receptor-like because of the ability of 

propranolol to block the relaxation. 

what was becoming clear to most 

By 1982 Saxena voiced 

that the 5-HTM/5-HTn 

classification for functional receptors was obsolete 

(Saxena, 1982). Wallis in 1981 suggested a nomenclature 

scheme based on drug activity (Wallis, 1981). An example 

of the Wallis proposal is the following: the 5-HTETMIC 

receptor represents a receptor mediating (E)xcitation, 

which shows (T)achyphylaxis, is (M)ethysergide (I)nsensitive 

but is blocked by (C)ocaine (Wallis, 1981). The Wallis 

proposed nomenclature proved too narrow and clumsy for wide 

acceptance. Cohen et al. (1981) were the first to 

attempt to correlate functional vascular receptors to the 

5-HT 1 and 5-HT2 binding site classification proposed by 

Peroutka and Snyder (1981). The 5-HT 1 and 5-HT 2 etc. 

receptor classification of serotonin receptors is the 

currently accepted nomenclature for both binding sites and 
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functional receptors (Bradley et al., 1986), however the 

nomenclature is currently under review by an international 

committee. 

~urrent Classification Q! 5-HT Receptors ~ Accepted 
Functional Correlates 

The non-selectivity of morphine and dibenzyline, the 

namesakes of the 5-HTM and 5-HTD receptors, and the findings 

suggesting the existence of 5-HT receptors that were 

distinct from either the 5-HTM or the 5-HTD receptors made 

the Gaddum and Picarelli receptor classification 

obsolete. Using ligand binding techniques in eNS 

membranes, with tritium labeled LSD and later [3Hl5-HT, 

Bennett and Snyder (1976) identified what was thought to be 

two affinity states of a central 5-HT receptor. In 

1979, using [3H]spiperone as a third ligand, 

Peroutka and Snyder observed that [3 H]spiperone appeared 

to label sites in the rat frontal cortex that were 

different from those labeled by [3 H]5-HT 

labeled both (Peroutka and Snyder, 1981) . From these 

observations Peroutka and Snyder proposed the now well 

accepted classification of central 5-HT receptors into 5-

HT1 and 5-HT 2 receptor subtypes. 

Currently there are four accepted classes of 5-HT 

receptors based upon the pharmacological profiles in 
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binding and functional studies. The 5-HT 1 class of 

receptors, \.hich is characterized by a high affinity for 5-

HT (RO in the 1 to 10 nanomolar range), has at least 5 

recognized subtypes with possibilities of several more 

indicated (Peroutka, 1988). Using a p adrenergic receptor 

probe the 5-HT 1A receptor has been cloned by Kobilka et al. 

(Kobilka et al. 1987, Fargin et al. 1988) and shows a strong 

resemblance to the p adrenergic receptors. The involvement 

of the 5-HT 1A receptor in behavior is controversial, yet a 

5-HT 1A partial agonist buspirone has shown promise as an 

anxiolytic agent (Young, 1987). The 5-HT 1 class of 

receptors also contains the putative "autoreceptor," the 5-

HT 1B receptor in rats and mice (Engel et al. 1986) and the 

5-HT 10 receptor in other species (Peroutka, 1988a). The 

5-HT 2 class of receptors until recently has been thought of 

as a homogeneous subtype with affinity for 5-HT in the 300 

to 1000 nanomolar range and high affinity for antagonists 

such as ketanserin. The 5-HT 1C receptor, found in high 

concentrations in the choroid plexus and also in the frontal 

cortex of some species (Pazos et al., 1984 and Hoyer et al., 

1985), has now been generally accepted as belonging to the 

5-HT 2 class of receptors from both protein sequence (Hartig, 

1989, Pritchett et a1., 1988) and second messenger linkages 

to phosphotldy1 inositol turnover (Sanders-Bush, 1988) The 

receptors are thought to 

receptor of Gaddum and 

be synonymous with the 5-

Picarelli (Peroutka, 1988; 

26 



Gaddum and Picarelli, 1957). The 5-HT 3 clasR of serotonin 

receptors, for which there may be at least 2 subtypes, is 

thought to be associated with an ion channel and is 

found on peripheral neurons (both sensory and autonomic), 

and recently in the CNS (Richardson and Engel, 1986; 

Peroutka, 1988b). Recent studies suggest that 5-HT 3 

receptors may playa role in vascular pain (Giordano and 

Rogers, 1989). The 5-HTM receptor previously described by 

Gaddum and Picarelli is thought to be a 5-HT 3 receptor 

(Bradley et al., 1986a). The 5-HT4 class is newly 

described as associated with stimulation of adenylate 

cyclase in mouse embryo neural colliculi and 

unique pharmacological profile (Dumuis et 

possessing a 

al. , 1988) . 

Table 1 shows a summary of the currently accepted functional 

correlates to the 5-HT receptor subtypes. 

Serotonin Receptors !ll Blood Vessels: Current Theories 

Current ideas about the 5-HT receptor subtypes in blood 

vessels are summarized in Figure 2. There is general 

agreement that the 5-HT 3 receptor subtype is found on 

associated neurons, the most widely accepted is adrenergic 

but cholinergic have also been proposed. The 5-HT3 subtype 

is thought to regulate the release of neurotransmitter from 

the varicosities (Bradley et al., 1986a). There is also 

general agreement that the 5-HT 2 receptor is the most 
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TABLE 1 

Serotonin Receptor Subtypes and Functional Correlates 

Subtype Proposed Function 

Adenylate cyclase modulation 
Inhibition of Raphe, Hippocampal cells 
Forepaw treading, tremor, head weaving 
Thermoregulation, Facilitation of 

ejaculation 
Canine basilar artery contractions 
Vascular relaxation, Hypotension 

"Autoreceptor" 
Possibly only found in rats and mice 

Choroid Plexus 
Phosphotidylinositol turnover 
Regulation of cerebrospinal fluid? 

Negatively coupled to adenyl ate cyclase 
Fundus? Kidney perfusion? 

Phosphotidylinositol turnover 
Contraction of vascular smooth muscle 
Head twitches, Discriminative cue 

properties 
Rat forepaw edema, Prostacyclin 

synthesis 
Platelet shape changes, aggregation, 

and 5-HT release 

Depolarization of autonomic neurons 
Regulation of neurotransmitter 

release from autonomic neurons 
Pain, wheal and flare reaction 

Stimulation of adenyl ate cyclase 

Modified from Peroutka 1988a 
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Figure 2. Diagramatic representation of a 
vessel modified from Houston and 
Abbreviations in the diagram are as 
norepinephrine, EDRF = endothelial-derived 
EDCF endothelial-derived contracting 
designations: Sl = 5-HT1-like' S2 = 5-HT 2 , 
monoamine oxidase. 
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theoretical blood 
Vanhoutte 1986. 
follows: NE 
relaxing factor, 
factor; Receptor 
S3 = 5-HT 3 , MAO = 
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widespread excitatory (eliciting contraction) receptor 

subtype on the vascular smooth muscle cell membrane. 

The 5-HT1 receptor, generally referred to as the 

5-HT 1 -like receptor in blood vessels, is the subject 

extensive study currently. The 5-HT 1 -l1ke receptor 

of 

has 

been associated with both contraction and relaxation 

of vascular smooth muscle, 

dependent and independent. 

and as either endothelium-

(as examples, Houston 

1986) . 

and 

The 

under 

Vanhoutte, 1988; 

subclassification 

Leff et al., 1987; 

of the 5-HT 1 -like 

Cohen, 

receptor is 

intense debate in the vascular serotonin receptor field. 

certain As an example of the current controversies, 

authors have claimed that the 

contractile receptor is the 5-HT 1A receptor in the canine 

basilar artery (Peroutka et al., 1986; Taylor et al. 1986; 

Cohen 1988). Others have been unable to confirm these 

assertions in either the canine 

(Mtiller-Schweinitzer and Engel, 1983). 

(1989) suggest that the 5-HT 1 -like 

with. contraction in the cerebral 

receptor. As the 

or other species 

Saxena and Ferrari 

receptor associated 

arteries is the 

is receptor 

relatively newly described and is without highly selective 

compounds, others have not as yet confirmed this 

possibility. 

classification 

What appears to be hampering definitive 

and characterization of vascular 5-HT 

receptor subtypes and responses is two fold. Perhaps the 
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most important problem is the dearth of highly selective 

antagonists for the receptor subtypes of the 5-HT 1 class. 

Currently, it is difficult to subdivide and identify the 

presence of these receptors in a functional assay except 

by examining an extensive list of compounds for 

a pharmacological profile or "fingerprint." Secondly, 

a growing body of evidence suggests that the first 

three classes of 5-HT receptors may coexist in any given 

isolated vessel preparation, but that the proportions 

(and therefore predomination of responses) depends on 

species, strain, and possibly tissue handling and 

experimental conditions (Furchgott, 1983). Fo~ example, 

current thinking suggests the 5-HT 2 receptor contractile 

response predominates in most arteries except for the 

cerebral and coronary circulation where the 5-HT 2 response 

is much weaker than the 5-HT 1 -like responses 

(Cohen, 1988) . It is important for potent, selective 

antagonists for the 5-HT 1 subtypes to be developed to 

isolate or unmask responses from smaller populations 

to characterize and study the entire of receptors and 

population of vascular 5-HT receptor subtypes in a given 

blood vessel preparation. 

Goals Qf The Research 

Currently, the classification of 5-HT receptor subtypes 
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is based on affinity profiles of serotonergic compounds 

in ligand binding studies. The 5-HT 2 class of receptors 

has been classically defined by ketanserin and related 

compounds, but with few exceptions most 5-HT 2 compounds do 

not discriminate between the 5-HT 1C and the 5-HT 2 receptors. 

While antagonists with good selectivity for the 5-HT 3 

classes of receptors have been developed (MOL 72222 and 

ICS 205 930 respectively), highly selective antagonists 

for the receptors of the 5-HT 1 class are largely non-

existent. The focus of the research under David 

Nelson, Ph.D. has been the synthesis and identification of 

novel compounds selective for 5-HT 1A receptors using ligand 

binding assays in CNS membranes. An extensive series of 

novel compounds based on either pyridylindole or 

aryl tryptamine have been examined in quantitative structure 

activity (QSAR) studies in attempts to determine what 

features confer high affinity and selectivity between the 

5-HT 1A and 5-HT 2 receptors. These compounds have been 

shown to have a range of affinities for both 5-HT 1A 

and 5-HT2 receptors in ligand binding assays (Taylor et 

al., 1986; Taylor et al., 1988). Radioligand binding 

assays are extremely useful for determining such 

parameters as dissociation constants for drugs, receptor 

density, and kinetic analyses of drug-receptor 

interactions, and allows the examination of large numbers 

___ .... ~~ ____ .. _._,._._. _____ ...... _ _ · ___ r_' -~-__ ~ _______ _ 
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of compounds to pharmacologically 

site or receptor. Radioligand 

characterize a 

binding assays 

binding 

have 

certain disadvantages for drug and receptor study such 

as the relative difficulty of determining pharmacological 

activity of novel compounds such as antagonism versus 

agonism, efficacy and partial agonism. (For more 

complete discussion of the advantages and disadvantages of 

radioligand binding techniques the reader is referred to 

Limbird, 1986) Further, for a binding site to be accepted 

among other requirements, as a receptor, 

correlates must be identified which have 

pharmacological profiles. Functional assays 

functional 

matching 

for these 

receptor subtypes are a necessary part of the process of 

pharmacological characterization of the novel compounds. 

Vascular models for serotonergic receptors based on the 

current knowledge of 5-HT receptor subtypes in blood vessels 

were chosen as inexpensive and theoretically easily 

interpretable functional assays for investigation of the 

pharmacologic properties of novel compounds. As these 

compounds exhibited a range of affinities for 5-HT receptor 

subtypes, vascular assays for both 5-HT 1A and 

receptor activity were of interest. Prior investigation 

by others suggested that the rat aorta and the rabbit 

femoral contained 5-HT 2 receptors (Cohen et al., 1981: 

VanNueten et al., 1982), and the canine basilar artery 

contained 5-HT 1A receptors (Taylor et al. , 1986) . 
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Therefore these were the initial tissues of interest for 

assay development. 

While on the surface the matching of binding 

profiles to functional assay pharmacological profiles for 

receptor identification and drug characterization might 

appear a straightforward task, the limitations of both the 

binding and the functional assays, data analysis techniques 

and mathematical modeling all playa role in the comparison 

of results between assays. Based upon the rigorous 

definition that for a binding site and functional receptor 

to be defined as the same, the profiles of drug 

affinities for the two entities must match, 

this dissertation were to characterize 

the goals of 

the 5-HT 

receptors in certain arterial tissues and to evaluate 

them for use as functional receptor assays for studying 

novel serotonergic compounds. From the previous findings of 

others, it was expected that the serotonin-stimulated 

contracting basilar artery could be used as a 5-HT 1A 

receptor assay. Further, as the peripheral vascular 5-HT 2 

receptor was thought to be homogeneous, any peripheral 

artery could be chosen as a 5-HT 2 receptor assay on the 

basis of experimental convenience. 

The dissertation will proceed with initial vascular 

assay characterization and methods in Chapter 2. Chapter 3 
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will discuss the initial use of the rat aorta as a 5-HT 2 

receptor assay and the activities of several known and novel 

compounds in this preparation. In Chapter 4, the rabbit 

femoral artery is compared to the rat aorta as a 5-HT 2 

receptor preparation. Some of the questions arising from 

the results discussed in Chapter 4 regarding species and 

vascular bed variations will be discussed in Chapter 5. 

In Chapter 6, the problems of tissue bath assay analysis 

techniques for agonist affinity determinations will be 

presented. The final chapter will summarize and 

briefly discus the conclusions from the previous chapters 

and suggest future directions for the work. Several 

appendices have been added which are comprised of: two small 

aside projects (Appendices I and II) autoradiographical 

localization and endothelial relaxation respectively; 

methods for the ketanserin binding studies in the CNS 

(Appendix III), and a summary Figure of the rat aorta 

studies (Appendix IV). 
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CHAPTER 2. VASCULAR TISSUE METHOD DEVELOPMENT 

Introduction 

Functional smooth muscle preparations have been used as 

drug activity characterization assays since the early days 

of pharmacology. Tissue bath studies with isolated 

functional tissue are thought to have the advantage of being 

less expensive, less time consuming, and simpler for data 

interpretation than perfused organ or in vivo 

preparations. For a more complete discussion of the uses 

and pitfalls of tissue bath studies the reader is referred 

to an exhaustive review by Kenakin in Pharmacological 

Reviews (1984). Isolated vascular tissue was of interest to 

the goals of the serotonin research effort, as discussed in 

Chapter I, as a functional assay for novel compound activity 

at certain 5-HT receptor subtypes. The 5-HT receptor 

subtypes of interest for the vascular studies were the 5-HT 2 

and the 5-HT1A receptors both of which had been previously 

associated with contraction of vascular smooth muscle 

(Cohen et 

al.,1986). 

al.,1981; 

Factors of 

Peroutka et al., 1986; Taylor et 

interest for selecting a tissue 

source were as follows: literature suggestions of the 

presence of the subtype of interest with a strong response 

in a given vessel, availability and cost of the animal 

species, and the possible use of tissues from the same 
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species for both 5-HT 2 and 5-HT 1A assays and CNS binding 

(to eliminate species differences in drug 

screening). Previous work suggested that the rat aorta 

(Cohen et al., 1981) and the rabbit femoral artery (Van 

Nueten et al., 1982) contained the 5-HT 2 receptor. The 

5-HT 1A receptor had been identified as a contraction

associated receptor in the canine basilar artery (Peroutka 

et al., 1986; Taylor et al., 1986). Therefore, 

characterization studies were begun to duplicate 5-HT 1A 

literature findings with the hope of moving to a more 

available species than the canine. As the CNS binding for 

these two receptors were done in the rat the use of 

rat vascular tissues would have been most advantageous. 

However, since the rat basilar artery is not only 

difficult to manipulate but shown to have mostly 5-HT 

receptors of the 5-HT 2 type (Bradley et al., 1986b; Chang 

and Owman, 1989b), the rabbit and the guinea pig basilar 

arteries were considered as alternates to the canine and 

the rat basilar arteries. Both the rabbit and the 

guinea pig basilar arteries had been shown to contain 5-

HT receptors that were not of the 5-HT 2 type (Bradley et 

al., 1986b; Chang and Owman, 1989a and 1989b). It was 

hoped that the rabbit basilar artery would prove to be a 

good assay for 5-HT 1A receptor drug activity that could be 

compared to 5-HT 2 drug activity in the rabbit femoral 

artery. 
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. This 

methods, 

chapter will discuss the 

experimental protocols 

tissue 

and 

handling 

ini tial 

characterization of the blood vessels of interest with 5-

HT and 8-hydroxy-2-(di-n-propylamino) tetralin (8-0H DPAT). 

Ideally, experiments were to be run using a control 

agonist curve to compare to a following antagonist 

dosed curve. Therefore it was necessary to determine, 

not only the optimal conditions for agonist potency 

(preincubations with drugs to eliminate interfering 

tissue activities), but also if tissues desensitized 

to agonist treatment with either 5-HT or 8-0H DPAT. 

Methods 
Tissue Handling 

Dissection of the various arterial tissues from their 

anatomical locations was accomplished as soon post mortem as 

possible. Figure 3 is a guide to the locations and removal 

of the studied vessels. Death for the rats and the guinea 

pigs was accomplished by either physical stunning or 

anesthetizing the animals with carbon dioxide (C0 2 ) prior to 

decapitation. The rabbits were killed by either 

intravenous pentobarbital sodium (five times 

dose via ear vein), or CO 2 asphyxiation. The 

killed by a lethal intravenous (femoral, if 

or cephalic vein, jf conscious) injection 

the lethal 

dogs were 

anesthetized 

of 
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DISSECTION OF RAT THORACIC AORTA 
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DISSECTION OF RABBIT FEMORAL ARTERY 

22 m", 

DISSECTION OF CANINE BASILAR ARTERY 
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BASILAR ARTERV..J<i~~~~~V 

Figure 3. Diagram of the location and dissection of the rat 
aorta (Part A). rabbit femoral artery (Part B). and canine 
basilar artery (Part C). The basilar artery is similar. 
but smaller. in the rabbit and the guinea pig. and larger in 
the cow. 
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beuthanasia (combination of pentobarbital and phenytoin). 

Post mortem, all animals were exsanguinated as much as 

possible prior to artery dissection. The reader is 

referred to Chapter 4 for further discussion on 

euthanasia methods and post mortem effects on 

PE 30 tubing was inserted into the rabbit 

tissues. 

femoral 

artery at the stifle joint to aid in the retrieval of 

the artery from between the muscles. No difference in 

the responses of the tissues in the initial studies was 

seen between the tissues that had been removed using 

cannulae and those removed from the animal without. After 

removal of the adventitia in oxygenated Krebs' buffer at 

room temperature, ring segments of 2 mm in width from the 

aortae and femoral arteries and 3 mm from the basilar 

arteries were cut. Adventitia was most efficiently cleaned 

from the aortae and the femoral arteries by threading the 

vessels on stainless steel tubing of appropriate size. This 

procedure serves the dual purpose of aiding in visualizing 

the limit of the vessel for cleaning and destroying the 

endothelium to eliminate endothelial response interference. 

Please 

of the 

see Appendix II for a discussion 

studies on 5-HT endothelial 

and presentation 

relaxation. The 

attached pial membranes of the basilar arteries are most 

efficiently removed by leaving the artery attached to the 

brain while the membranes are dissected away. The basilar 

------------ -'"--.. -------,,-~- .. ---~~."" ~.- .. ------- .-

40 



artery can then be carefully detached from the brain before 

cutting the ring segments. The author has noticed that 

basilar arteries must be handled with extreme care as the 

serotonergic response is easily lost. For rabbit and guinea 

pig basilar arteries only three 3 mm rings can be obtained 

per animal. Canine and bovine basilar arteries can provide 

6 or more rings. The ring segments are mounted on a 

combination of a segment of steel tubing (25. 27, 30 gauge) 

and square U-shaped bent 36 gauge platinum wire for as 

follows: rat aorta (25 gauge steel tubing), rabbit 

femoral/bovine and canine basilar (27 gauge), rabbit/guinea 

pig basilar arteries (30 guage) respectively. These 

assemblies were anchored in 30 ml tissue baths containing 

modified Krebs' buffer of the following composition in 

milimolar: 118.2 NaCI, 4.6 RCI, 1.2 KHP0 4 , 1.2 MgS0 4 , 10 

glucose, 2.5 CaC1 2 , 24.8 NaHC0 3 . The tissue baths were 

maintained at 37 0 C and oxygenated with 95% °2 , 5% co 2 , This 

method is based on the method of Hooker et al. (Hooker et 

a1. , 1977). Please see Figure 4 for a diagram of the 

mounted tissue. 

Resting Tensions 

Optimal resting tensions for the studies were 

determined through either length/tension experiments using 

both 5-HT and the ion used for calibration contraction 

(standard method outlined by Kenakin, 1984) or taken from 
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ARTERIAL PREPARATION 

t to TRANSDUCER 

KREBS' BUFFER 

t 

Figure 4. Diagram of vascular tissue ring mounted in tissue 
bath. Method modified from Hooker et al. (Hooker et al., 
1977) . 
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literature findings 

al.,1986). The 

were: rat aorta 1 

(canine basilar artery, Taylor et 

resting tensions used for the vessels 

g, rabbit femoral artery 1 g, canine 

basilar artery 1 g, rabbit basilar artery 0.5 g, guinea 

pig basilar artery 0.5 g, and bovine basilar artery 1 g 

(trial resting tension for the pilot experiment in the 

bovine). 

Experimental Conditions 

After mounting in the tissue baths the vessel rings 

were stretched to the predetermined resting tension and 

readjusted until the set tension was maintained. The 

vessels were allowed to equilibrate for at least 1 hour 

after initial mounting. It was rare that a tissue had not 

stabilized by the end of 1 hour. At the beginning of the 

experiment a dose of 30 millimolar BaCl 2 (rat aorta and 

canine basilar artery), 120 millimolar KCI (rabbit femoral 

artery) or 40 millimolar KCI (rabbit and guinea pig basilar 

arteries) was given to provide a measure of tissue 

contractility without using a receptor system. The choice 

of BaCl 2 for the rat aorta and the canine basilar was made 

as either KCI or BaCl 2 provided equal and consistent results 

and BaCl 2 does not significantly change the osmolarity of 

the buffer. KCI was used for the other above mentioned 

tissues as it was more reliable than BaCl 2 at producing an 
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immediate 

if BaC'12 

contraction in these tissues. In early studies, 

did produce a contraction in these tissues, the 

results were indistinguishable from RCI contracted tissues. 

Although the choice of ion dose was approximately an EC ao 

value for the ion, the amount of contraction produced was 

assigned the arbitrary value of 100 percent contraction. 

All subsequent contractions were calculated as a percent of 

the ion-induced contraction. The ion concentration was 

flushed from the bath after a plateau in the contraction, 

allowed to relax to baseline resting tension. Once resting 

tension restabilized, drugs for preincubation were added and 

the agonist curves were begun after 20 minutes of 

preincubation. Agonist dose-response curves were 

accomplished with cumulative, 1/2 log interval, 

concentrations. Additional doses were given only after the 

tissues reached plateau contraction from the previous dose, 

or after 4 minutes of no change in tension. 

Results 

Preincubation Drugs to Minimize Complicating Responses 

Although the alpha adrenergic receptor blocker prazosin 

had no effect of the 5-HT curves in the examined tissues, 

prazosin (100 nM) was added to the preincubation 

cocktail for all tissues to block the documented action of 
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high doses of 5-HT at al receptors in some tissues (Purdy 

et al., 1987). Pargyline (10 pM) was preincubated in 

the rat 

activity 

aorta experiments to inhibit monoamine oxidase 

after a verbal suggestion by Paul Vanhoutte, 

and was thereafter added to other tissues as a matter of 

consistency. The dose of 5 pM cocaine hydrochloride was 

used to maximize the potency of 5-HT in the rat aorta 

after the findings of Fukuda et al. (1986) showed that 

significant uptake of 5-HT in rat aorta smooth muscle cells 

could be blocked by cocaine. The results of these initial 

characterization experiments for the rat aorta are shown 

in Figure 5. The mean EC 50 values for the 5-HT curves 

shown in Figure 5 are in nM: 3,019 ~ 1507 for prazosin 

pargyline 

cocaine 

alone; 695 

preincubation; 

215 for prazosin 

414 ~ 193 for prazosin 

and 

and 

preincubation; 123 ~ 26 for the 5-HT curve in the presence 

of all three drugs. The dose of 5 pM cocaine has been 

shown to be optimal in the rat aorta (Vanderhamm 

unpublished) . The combination of the three drugs was 

therefore used as the standard cocktail for 

experiments using the rat aorta. Prazosin 

were used in all but the canine basilar 

all subsequent 

and pargyline 

artery studies 

(not used by Taylor et al. (1986) 

maintain consistency among assays. 

in this tissue) to 

doses 

artery 

Several preincubation 

of cocaine were tried in both the 

and the rabbit basilar artery against 

rabbit 

5-HT 

femoral 

curves. 
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Figure 5. The effect of pargyline (10 pM), and cocaine (5 
pM), on 5-H1 curves in the rat aorta. The mean EC 50 values 
~ standard error for 5-HT in the presence of various 
combinations of preincubation cocktails are as follows: 
prazosin only (praz. only) 3,019 + 1507 nM; prazosin and 
pargyline (praz. & parg.) 695 + 21S-nM; prazosin and cocaine 
(praz. & cocaine) 414 + 193 riM; all three drugs (praz., 
parg. & cocaine) 123 ~ 26 nM. 
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The effect of cocaine in the rabbit basilar artery varied 

from no effect to producing non-competitive antagonism of 

5-HT. This variability may be in part due to inexperience 

with tissue handling, however, in no instance did cocaine 

shift the 5-HT curve to the left as was seen in the rat 

aorta. In a well controlled experiment, cocaine had no 

effect on 5-HT curves in the rabbit femoral artery. The 

results of femoral arteries are shown in Figure 6. 

Investigations on the presence of 5-HT 1A receptors in 
basilar arteries. 

The basilar arteries from four species were examined 

for the contraction-eliciting potency of 5-HT and 8-0H DPAT. 

8-0H DPAT is reported to be a full agonist with an affinity 

of approximately 5.5 nM at the CNS 5-HT 1A receptor subtype 

(Peroutka, 1988). Further, previous work by the laboratory 

showed 8-0H DPAT to produce contraction of the canine 

basilar artery with an EC 50 of 78 nM and an apparent KA of 

31 nM (Taylor et al., 1986). Attempts to duplicate the 

findings of Taylor et al. with 8-0H DPAT in the canine 

basilar artery were unsuccessful. The contraction dose-

response curve for 8-0H DPAT in the present studies was 

extremely shallow with a mean EC 50 value of approximately 

3,428 ~ 749 nM (n = 6). This value is approximate as 

adequate Emax values could not always be obtained for 

non-linear regression analysis of the dose-response curves. 
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Table 2 shows the EC 50 values for 5-HT and 8-0H DPAT in 

the basilar arteries of four species. The contraction 

dose-response curves in the four basilar arteries are 

shown in Figure 7. From Table 2 and Figure 7 it is clear 

that none of the four tissues show EC 50 values for 8-0H 

DPAT consistent with the Taylor et al. (1986) findings or 

the CNS 8-0H DPAT affinity at 5-HT 1A receptors 

1988) . 

(Peroutka, 

Tissue Handling and Desensitization 

It was suggested by S. Maayani and also E.W. 

Taylor (personal communications) that tissues were more 

sensitive to and 8-0H DPAT and showed less 

desensitization 

5-HT 

if they were held overnight in Krebs' 

buffer before being placed in tissue baths. The canine 

basilar and the bovine basilar artery data presented in 

Figure 7 and Table 2 were from tissues held overnight by 

necessity. Neither tissue showed the sensitivity to 8-0H 

DPAT previously shown by Taylor et al. (1986) or Peroutka 

et al. (1986) and desensitization experiments were not 

reliably controlled in the canine basilar artery. Figure 8 

shows a comparison of the activity and desensitization 

to both agonists in the rabbit basilar artery in 

fresh tissue and tissues held overnight. Although the 

Emax values were variable in the fresh tissues, they 
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TABLE 2 

Activity of 5-HT and 8-0H DPAT in Basilar Arteries 

Artery 5-HT DPAT 

Rabbit 183 .:!:. 138 17 .:!:. 6 ( 3 ) 3,428 .:!:. 749 28 .:!:. 7 ( 6 ) 
Basilar 

Canine 79 .:t. 39 60 .:!:. 26 (5 ) 2,335 .:!:. 954 16 .:!:. 4 ( 4 ) 
Basilar 

G. Pig * 58 .:!:. 6 91 .:!:. 4 ( 2 ) 
Basilar 

Bovine (1) ( 1 ) 
Basilar 

Values are mean + s.e.m. in nM. 
(#) is the n numb;r. 
;- , indicates EC 50 cannot be calculated in this tissue. 

Values are mean and range for n = 2. 
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were not very different from the first to the second curves 

for either 

subsequent 

agonist. The potency of 8-0H DPAT in 

curves strongly diminished after the first 

curve in both the fresh and the overnight tissue. The 

potency of 5-HT in the fresh tissue diminished some (from 

113 ~ 54 nM to 261 ~ 147 nM) from the first to the second 

curve. In the rabbit basilar artery held overnight, the 

response to 5-HT was weak for the first curve (regardless 

if the depolarizing dose of potassium ion was given 

first or last), but became stable for the the second and 

third curves. The tissues where K+ was given first had a 

higher Emax on all 3 5-HT curves. Fresh guinea pig 

basilar arteries desensitized to 5-HT but the effect of 

overnight storage on desensitization was not examined in 

this tissue. Overnight storage did not, however, unmask 

an 8-0H DPAT contraction response in the guinea pig 

basilar, or increase the potency of 8-0H DPAT in the rabbit 

basilar artery. Desensitization of the peripheral arteries 

will be discussed in Chapter 4. 

Summary 

Optimal condition for tissue contraction response to 

5-HT in the rat aorta and the rabbit femoral artery were 

determined. Although Fukuda et al. (1986) suggest that the 

increased potency of 5-HT in the rat aorta with cocaine 
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results from the inhibition of 5-HT uptake into the 

vascular smooth muscle cells, studies comparing the effect 

of cocaine to the effect of other uptake inhibitors would 

need to be performed to verify these conclusions. As the 

focus of the dissertation was the development of reliable 

vascular assays and the characterization of vascular 5-HT 

receptors, investigations into the mechanism of cocaine 

action were beyond the scope of this work. 

The freshly harvested basilar arteries from both the 

rabbit and the guinea pig rapidly desensitized to 5-HT and 

very strongly to 8-0H DPAT in the rabbit (guinea pig basilar 

artery desensitization data not shown). Holding the rabbit 

tissue overnight appeared to diminish the desensitization 

to 5-HT but had little effect on the 8-0H DPAT 

responses. These findings are consistent with the 

possibility that there may be more than one type of 

contraction-associated 5-HT receptor in the rabbit basilar 

artery (Bradley et al., 1986b). 

The contractile response to 8-0H DPAT in the 

studied basilar arteries did not match the expected 

affinity/potency for 5-HT 1A receptor seen by others In 

basilar artery preparations. Most agree that the affinity 

for 8-0H DPAT at the 5-HT 1A receptor is in the nanomolar 
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(nM) range. Our 

micromolar range. 

findings showed potencies in the 

It is possible that either strain 

differences or some over-looked part of the protocols (such 

as slight differences in Krebs' buffer composition) could 

account for the differences see~. However, recent 

evidence 

cerebral 

Ferrari, 

suggests that the 

circulation may 

1989) which would 

5-HT 1-like receptors in the 

be 5-HT 1D-like, (Saxena and 

not be inconsistent with the 

findings with 8-OH DPAT herein presented. As a result of 

these findings, and more success with the 5-HT 1A-linked 

adenyl ate cyclase assay for functional activity at the 5-

HTIA receptor (Cornfield et al., 1988), the vascular 5-HT 1A 

receptor assay was abandoned 

vascular 5-HT 2 receptor assays. 

in favor of developing 
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CHAPTER 3. RAT AORTIC RINGS AS 5-HT2 RECEPTOR ASSAY 

Introduction 

A series of novel aryl tryptamines based on the known 

compound 

possible 

AHR 1709 were synthesized by E. 

5-HT 1A receptor antagonists 

Will Taylor as 

(Taylor, 1985). 

Also of interest was the compound spiroxatrine and its 

separated optical isomers, which preliminary evidence 

suggested 

subtype 

Figure 

had antagonist activity at the 5-HT 1A 

(Nelson and Taylor, 1986; Nikam et al., 

9 shows the chemical structures of 

receptor 

1988) . 

these 

compounds. Ligand binding studies of these agents in rat 

CNS membranes at the 5-HT 1A and the 5-HT 2 receptor subtypes 

showed a range of affinities for the two receptors of 

interest. Serotonin-ellicited contraction of the rat 

aorta was thought to 

HT2 receptor (Cohen 

occur through stimulation of the 

et al., 1981). The focus of 

5-

this 

chapter is the use of the rat aorta as a 5-HT 2 receptor 

assay, and examination of the activities of spiroxatrine, 

its isomers, and several N-substituted aryl tryptamines in 

the preparation. 

Methods 

Chemicals 

5-Hydroxytryptamine creatinine sulfate, pargyline HCl, 

and cocaine HCl were purchased fro Sigma Chemical Company, 
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(st. Louis, MO). Prazosin HCl was a generous gift of Pfizer 

(Groton, CN). (+/-) Spiroxatrine was generously supplied by 

J.E. Leysen of Janssen Pharmaceutica (Beerse, Belgium). The 

optical isomers of spiroxatrine were synthesized by S.S. 

Nikam (Nikam et al., 1988). [3 H]Ketanserin was purchased 

from New England Nuclear Corporation (Boston, MA). 

[3 H]DPAT was purchased from Research Products Inc. The 

novel aryl tryptamines were synthesized by E. Will Taylor 

(Taylor, 1985). 

Rat Aorta Studies 

Male Sprague-Dawley rats were killed by 

anesthetization or stunning followed by rapid decapitation. 

The thoracic aorta was removed and cleaned of adventitia at 

room temperature in modified Krebs' buffer of the 

following composition in millimolar: 118.2 NaCl, 4.6 KCI, 

1.2 KH 2P04 , 1.2 MgS0 4 , 10 glucose, 2.5 CaCl 2 , and 24.8 

NaHC0 3 . Two millimeter ring segments were cut and 

mounted in 30 milliliter tissue baths according to a 

method modified from Hooker et al. (1977). An optimal 

resting tension of 1 gram was applied and the tissue was 

allowed to equilibrate for 1 hour. The resting tension 

was readjusted until the tissue stabilized at the set 

tension. The contraction elicited by 30, or 100 mM BaC1 2 

at the start of the experiment was arbi trar 11 y 
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designated as 100% contraction and all subsequent 

contractions were described as a percentage of the ion

pM). induced contraction. Doses of prazosin (100 

pargyline (10 pM) and cocaine (5 pM) were added to the bath 

20 minutes before the start of additions of agonists or 

compounds of unknown activity to permit maximum 

serotonergic activity as described in Chapter 2. Only one 

agonist curve was performed per tissue ring as the rat aorta 

rapidly and significantly desensitizes to 5-HT. (See Chapter 

4) The experimental protocol left one tissue as a control 

5-HT curve to compare 5-HT curves from rings of the same 

vessel that had been preincubated with a test compound. For 

compounds of unknown activity. after a 20 minute 

preincubation with prazosin. pargyline and cocaine. 

increasing cumulative doses of the test compound. beginning 

at 1 nM. were added until contraction occurred or a 

concentration of 3 pM test compound was reached. If no 

contraction occurred by the 3 pM dose. twenty minutes was 

allowed from the time the concentration of 3 pM was achieved 

for equilibration. A dose-response curve for 5-HT was then 

performed without flushing the bath. The control 5-HT 

curves were run under the same time protocol with the 

exception of no added test compound. If the 3 pM dose of 

test compound was insurmountable. an additional control bath 

(out of six baths) was usually reserved to be used for a 300 

nM dose of test compound. 
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Affinity Constant Calculation 

For most compound screening, only one dose of novel 

compound was examined (repeated for at least n 3). 

The one dose protocol was not only time and animal use 

efficient, but conserved test compound, which was important 

for novel compounds synthesized in limited quantities. 

Affinity constants for surmountable antagonists were 

calculated by comparing the EC 50 of the control S-HT curve 

to the EC so of the 5-HT curve in the presence of the 

antagonist using the following equation: 

[B] 

Modified from the Schild regression analysis (Limhird, 1986) 

where [B] concentration of antagonist, EC 50 the 

concentration of agonist producing 50 % of the maximum 

contraction of the agonist curve without antagonist, EC so ' 

is the agonist concentration producing 50% of maximum in the 

presence of the antagonist at the concentration [B], and KB 

is the dissociation constant for the antagonist. For 

antagonists requiring more extensive study, 3 to S dose pA 2 

studies were performed according to the method of VanRossum 

(1963). 
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5-HT 2 Binding Assay 

[3 H]Ketanserin 

affinity at the 

binding assays to determine compound 

5-HT 2 receptor were performed using 

membranes from the anterior third of rat cerebral cortex 

dorsal to the rhinal 'sulcus to approximate "frontal" 

cortex according to a method modified from Leysen et al 

(1981) as previously described by Taylor et al. (1986; 

see also Appendix III). [3 H]DPAT binding studies were 

carried out in the rat cortex according to a method 

previously described (Nelson, 1983). Apparent Ki values 

were calculated using the Cheng and Prusoff equation 

(Cheng and Prusoff, 1973). Negative log values of apparent 

Ki and KB or PA2 values were compared to eliminate 

artificial weighting of error or linear correlations by 

compounds with low affinity (large dissociation constants) 

for the receptors. 

Results 

pA2 studies with ketanserin and (+/-)spiroxatrine 

against 5-HT in the rat aorta are shown in Figure 10. Both 

ketanserin and (+/-)spiroxatrine show competitive antagonism 

of 5-HT with pA 2 values shown in Table 3. Table 3 also 

shows the affinities (pKB's) for a series of N-substituted 

aryl tryptamines and the (+) and (-) optical isomers of 

spiroxatrine. All of the compounds for which KB values were 
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Table 3 

Comparison of Affinities in Rat CNS Binding 
and in the Rat Aorta 

[3 H]Ketanserin 
Binding, CNS 

Compound 

* Ketanserin 9.44 (2 ) 

U:,)Spiroxatrine 6.93 (4 ) 

(+)Spiroxatrine 6.07 (4) 

(-)Spiroxatrine 6.95 (4) 

AHR 1709 8.03 (3) 

5-MeO-AHR 7.68 ( 3) 

5CA-AHR 7.19 (4 ) 

FPPEI 7.98 ( 4 ) 

BDT 6.87 (2) 

(I) n numbers 

Rat Aorta 

8.31 ( 4 ) 

6.95 (3 ) 

6.15 

6.92 

7.68 

7.35 

6.97 

7.71 

6.90 

¥alues are mean negative log values of affinities 
KD for [3 H]ketanserin from saturation studies 
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calculated, showed surmountable antagonism of 5-HT. The 

5-HT curves in the presence of the antagonist were shifted 

to the right of the control curves with no apparent change 

in slope. 

Figure 11 shows linear regression of the 

negative log affinities for the examined compounds at the 

[3 H]ketanserin binding site in the rat frontal cortex and 

the negative log affinities in rat aorta. The correlation 

coefficient for the rat aorta versus [3 H]ketanserin binding 

is r = .983, suggesting the two sets of values are highly 

correlated. For comparison, the linear regression for the 

negative log affinities in the rat aorta are compared to the 

negative log affinities for these compounds at the [3 H]DPAT 

binding site in the rat cortex (the 5-HT IA receptor, from 

Taylor, 1985) shows a correlation coefficient of r = -.383, 

suggesting no correlation between these sites. 

Discussion 

Cohen et al. (1981) were the first to 

to correlate vascular drug affinities at 

attempt 

serotonin 

receptors with drug affinities for the CNS 5-HT 

receptor subtypes suggested by Peroutka and Snyder (1981). 

Cohen et al. suggested that the contraction-associated 
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65 



serotonin receptor in the rat aorta is the 5-HT 2 

receptor subtype. The affinity for ketanserin (a 

selective antagonist for the 5-HT 2 receptor among 

serotonin receptors) is 0.9 nM at the CNS 5-HT 2 receptor 

(Leysen et al .• 1981). 

The pA 2 value obtained for ketanserin in the rat 

aorta against 5-HT in the present study agrees with both the 

ketanserin affinities of Leysen et al. and those of Cohen et 

al. suggesting the presence of 5-HT 2 receptors in rat 

aortic rings. The comparison of the affinities of a series 

of compounds in [3HJketanserin binding studies in rat 

frontal cortex (the standard definition of the CNS 5-HT 2 

receptor) and the affinities in the rat aorta showed 

very good correlation between the two studied receptors 

and no correlation to the CNS 5-HT 1A receptor studies 

These studies suggested that the serotonin-

contracted rat aortic ring might be a good choice for a 

functional 5-HT 2 receptor assay. In the next chapter the 

5-HT 2 receptor activity in the rabbit femoral artery was 

compared to the rat aorta in an effort to choose the best 

tissue for a 5-HT 2 receptor activity screen of novel 

compounds. 
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CHAPTER 4. COMPARISON OF TWO DIFFERENT ARTERIAL TISSUES 
SUGGESTS POSSIBLE 5-HYDROXYTRYPTAMINE 2 RECEPTOR 

HETEROGENEITY. 

Introduction 

With the development of increasingly selective 

compounds and improved techniques, 5-hydroxytryptamine 

(5-HT) receptors have been separated into four major 

classes and at least seven possible receptor subtypes. 

Since many of these putative receptors have been 

classified primarily through ligand binding in central 

nervous system (CNS) membranes, there has been 

increasing interest in studies attempting to correlate 

the pharmacology of these multiple sites with functional 

5-HT receptors. In the case of the 5-HT 2 binding site, 

which has been identified using a variety of 

tritiated ligands such as [3 H]sPiperone, 

[3 H]ketanserin, and [3 H]LSD, several different functional 

correlates have been identified, including receptors on 

vascular smooth muscle (for a review see 

Peroutka, 1988a). Activation of 5-HT 2 receptors in 

vascular smooth muscle has been associated with both an 

increase in PI turnover and contraction (Roth et al., 

1984; Cohen et al., 1981). The 5-HT 2 receptor had been 

generally thought to be a homogeneous type (Peroutka, 

1988, see Chapter 1. also) with possible allosteric 

regulation sites and possibly 2 affinity states (Xu and 
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Purdy, 1989; 

Kaumann, 1988), 

Kaumann and Frenken, 1985; Frenken and 

although there have been recent 

suggestions of multiple central 5-HT 2 receptor subtypes 

(Peroutka et al., 1988; Prichett et al., 1988). 

Since both the rat aorta (RA) and the rabbit femoral 

artery (RFA) have been shown to contain the 5-HT 2 receptor 

(Cohen et al., 1981; Van Nueten et al., 1982), we ini tially 

began to examine these two tissues as potential sites 

suitable for the functional screening of potent, novel 

serotonergic compounds identified by our laboratory in 

ligand-binding studies. A series of novel aryltryptamines 

and the compound spiroxatrine were examined in the rat aorta 

in the previous chapter. Novel compounds of various 

selectivities for the subclasses of 5-HT binding sites were 

compared with several known compounds in the functional 5-

HT2 receptor studies. The data showed that the RA 5-HT 

receptor appeared to have identical pharmacology to the 

5-HT 2 receptor identified by r3 H]ketanserin binding in 

the frontal cortices of both the rat and the rabbit. 

Antagonist dissociation constants for compounds 

against 5-HT in the RA correlate extremely well 

tested 

with 

the dissociation constants measured for these compounds 

in r3H]ketanserin binding studies. We were interested in 

a rabbit vascular 5-HT 2 assay to compare to findings in 

the rabbit basilar artery which was suggested to contain 
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5-HT 1-like receptors. In contrast, the 5-HT receptor which 

elicits contraction in the RFA, while showing certain 

characteristics of a 5-HT 2 receptor, did not appear to 

be identical to either the 5-HT 2 receptor in the RA or the 

[3 H]ketanserin binding site in the frontal cortex of either 

the rat or the rabbit. 

Methods 

Chemicals 

5-Hydroxytryptamine sulfate complex, pargyline HCI, and 

cocaine HCI were purchased from Sigma Chemical Company, (St. 

Louis, MO). N-Ethoxycarbonyl-2-ethoxy-l,2-dihydroquinoline 

(EEDQ) was purchased from Aldrich Chemical Co. 

(Milwaukee, WI). The following chemicals were generously 

supplied by the respective companies: methysergide from 

Sandoz Pharmaceuticals (Hanover, NJ), ketanserin HCI from 

Janssen Pharmaceutica (Belgium), prazosin HCI from Pfizer 

Groton, CN) , 5-methoxy-3(l,2,5,6-tetrahydro-4-pyridyl)lH 

indole (RU-24969) from Roussel-Uclaf (France), 

and (1-[2-(3-indolyl)-ethyl-4-phenyl-l,2,3,6-tetrahydro

pyridine (AHR-1709) from A.H. Robbins (Richmond, VA). 

[3 H]Ketanserin was purchased from New England Nuclear 

Corporation (Boston, MA). The novel indole compounds SN-l, 

SN-3, SN-12, and SN-18 were synthesized by S.S. Nikam as 

described by Taylor et al. (1988). Structures of these 

compounds are shown in Figure 12. 
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Vascular Tissue Studies 

Male Sprague-Dawley rats (250 g) were killed by rapid 

decapitation and the thoracic aorta removed. Male New 

Zealand White rabbits (2-4 lbs.) were killed by I.V. 

overdose of pentobarbital Na and both femoral arteries were 

removed. The tissues were placed in modified Krebs' buffer 

at room temperature of the following composition in 

millimolar: 118.2 NaCl, 4.6 KCI, 1.2 KH 2P0 4 , 1.2 MgS0 4 , 10 

glucose, 2.5 CaCl 2 and 24.8 NaHC0 3 . After removal of 

adventitia, 6 consecutive 2 mm ring segments were cut from 

the RA and 3 consecutive 2 mm rings were cut from each RFA. 

As described in detail in Chapter 2, each ring of tissue was 

mounted on a stainless steel rod held by a forked hook 

attached to a Grass FT03C transducer and a platinum wire 

fixed to a Plexiglas holder. Tissues were lowered into 30 

ml tissue baths containing the above described modified 

Krebs' buffer at 37 0 C, oxygenated, and pH maintained by 

bUbbled 95% O2 , 5% CO 2 , Isometric tension was recorded via 

the transducers on a Grass polygraph. 

tension was determined to be 1 gram. The 

was reset over a I-hour equilibration 

Optimal resting 

resting tension 

period until the 

tissues maintained the set tension. A depolarizing dose of 

either BaCl 2 (10 mM) or KCI (100 mM) was given at the start 

of the experiment to standardize the contractile ability of 

each ring segment. The results were the same regardless of 
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which ion was used for depolarization. All subsequent 

contractions were expressed as a percent of the 

depolarization-induced contraction which was arbitrarily 

assigned the value of 100%. Cumulative agonist 

dose-response curves were carried out in the presence of 

prazosin (IXl0- 7 M) to block aI-adrenergic receptors. 

Pargyline ( 1 x 10-5 M) was added to inhibit monoamine 

oxygenase activity. Both compounds were added to the bath 

for 20 minutes prior to the start of all agonist curves. 

The RA rings were also incubated with cocaine 

M) in addition to the prazosin and pargyline to prevent 

significant uptake of 5-HT as demonstrated by Fukuda et 

al. (1986) in this tissue. Dose-response curves to 5-

HT in the presence of cocaine (5X10- 6 M) were shifted to 

the left approximately half an order of magnitude as 

compared to untreated 5-HT dose-response curves in the 

RA. (See Chapter 2., Figure 5.) The add i ti on of this 

dose of cocaine to the RFA did not alter its response to 

5-HT (see Chapter 2., Figure 6.) and did not change a 

partial agonist (RU 24969) to an antagonist. Only one 

agonist curve was performed per tissue ring in the case of 

the RA due to significant and prolonged desensitization 

following the first 5-HT dose-response curve. Two agonist 

curves were performed per tissue ring in the RFA studies: a 

control curve followed by a curve in the presence of a dose 
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of the studied antagonist. At least 45 minutes and 3 to 4 

washes were allowed between curves. The first and second 

agonist curves, if untreated with antagonist, were 

superimposable with respect to EC 50 values. 

N-Ethoxycarbonyl-2-ethoxy-1,2-dihydroquinoline (EEDQ) 

was used as an irreversible antagonist at the vascular 5-HT 2 

receptor. This compound, while originally used to 

irreversibly bind to dopaminergic receptors has also been 

shown to irreversibly block 5-HT 2 receptors (Battaglia et 

al., 1986). We used up to 3 11M EEDQ for a 20-minute 

incubation with subsequent repeated washings before 

agonist curves were performed as outlined above. For the 

RA, agonist curves from EEDQ 

agonist curves in non-dosed 

dosed rings were compared to 

rings. In RFA studies, a 

control agonist curve was followed by an EEDQ dosed 

agonist curve. The EEDQ receptor blockade, as evidenced 

by decreased maximal contractions, 

tissues in spite of repeated washings. 

persisted in both 

Analysis QL Vascular Data 

Determination of pA 2 Values for Antagonists 

All agonist curves were analyzed by non-

linear regression using PCNONLIN (Statistical Consultants, 
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Inc. ) . values determined from the non-linear 

analyses were used according to the method of VanRossum to 

produce Schild plots for calculation of PA 2 values 

(VanRossum, 1963). 

Determination of Ka Values for Agonists and Receptor Reserve 

The method of "partial irreversible blockade" of 

Furchgott and Bursztyn (1967) was used to determine the S-HT 

affinities and the receptor reserve in the two vascular 

tissues. Reciprocal equiactive doses of S-HT with and 

without the irreversible antagonist EEDQ were plotted 

against each other with the reciprocal inhibited doses on 

the x axis. The slope of such a plot is l/q, where q is the 

proportion of receptors remaining unblocked. The y 

intercept is (l-q)qK a . The percent receptor reserve can be 

calculated from the EC sO of the control curve and the Ka so 

determined such that 

r = ( 1 ) 

the percent receptor reserve, r p ' is therefore equal to: 

0.50 (or the theoretical occupancy in the absence of 
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receptor reserve) minus the calculated r from equation (1), 

multiplied by 100% (from Stephenson, 1956). 

reciprocal equiactive doses for EEDQ-dosed and 

agonist curves produced a linear plot in most 

Plotting 

non-dosed 

cases. We 

initially attempted to use phenoxybenzamine as an 

irreversible antagonist but we found the extent of 

inhibition by phenoxybenzamine was extremely variable, and 

the reciprocal dose plots were non-linear. 

Determination of Partial Agonist Dissociation Constants 

Since the irreversible antagonist studies in the RFA 

have shown that this tissue has a very small receptor 

reserve, the method of Gero and Tallarida (1977) for 

calculating 

appli ed as 

The reader 

partial agonist dissociation constants was 

no stimulus-response assumptions are needed. 

is referred to method A of Gero and Tallarida 

(1977) for the particulars of the mathematical manipulations 

used for these data (or Chapter 6), 

[3 H]Retanserin Binding Experiments 

Male Sprague-Dawley rats and male New Zealand White 

rabbits were killed as described for the vascular studies. 
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The brains were removed whole and dissected over ice. The 

front third of the cortex dorsal to the rhinal sulcus was 

homogenized in 10 volumes of ica-cold 0.25 M sucrose in 

a Teflon-glass homogenizer. The tissue preparations, 

[3H]ketanserin binding assays, and free ligand concentration 

determinations were carried out according to a modification 

of the method of Leysen et al. (1981) as previously 

described (Taylor et al., 1986). Inhibi tion constants 

(R i ) from the competition studies were calculated from 

the IC 50 values using the Cheng and Prusoff equation 

(Cheng and Prusoff, 1973). 

Statistical Analyses 

Non-linear regression analyses were performed on all 

agonist dose-response curves using PCNONLIN, for 

calculations of EC 50 , maximal contraction, and slope values. 

The negative logs of the dissociation constants were 

compared by one way ANOVA followed by Newman-Reuls' post hoc 

test. Negative log affinities for 5-HT from the EEDQ 

experiments were compared using the student's t-test. Mean 

and standard error of the mean calculations were carried out 

in the usual manner with one animal representing n=1. 

Results 

During the course of the tissue comparison studies it 
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was noted that the RA rapidly desensitizes to 5-HT such that 

a second 5-HT dose response showed 5-HT to have 

significantly lower Emax after three to four hours of 

washing. The RFA, in contrast, showed the second 5-HT 

dose-response curve to be superimposable with the first 5-HT 

curve, in viable preparations, after a 45 minute wash 

period (Figure 13). 

Using EEDQ as an irreversible antagonist of 5-HT 2 

receptors and the method of Furchgott and Bursztyn 

(1967), the dissociation constants were calculated for 5-HT 

in the RA and the RFA, and these are shown in Table 4. 

Analysis the negative log of the dissociation constants 

(pK a ) for 5-HT using the students' t-test showed no 

significant difference between the affinity for 5-HT in 

the RA and in the RFA (p > 0.05). The percent receptor 

reserve calculated from these studies (Table 4) 

significantly different between the 

was 

two likewise not 

tissues, i.e., 14% ~ 7 for the RA and 12% ~ 6 for the RFA. 

Thus, the affinity for 5-HT of the receptors studied in 

these two tissues appeared to be the same, and there did 

not appear to be a significant receptor reserve in either 

vascular tissue. 

Examination of the compound RU 24969 and a 

corresponding series of novel tetrahydropyridylindoles (see 

Figure 12, for structures) did, however, show differences 

--- ---------.---
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consecutive 5-HT curves in the rat aorta (RA) part A and the 
rabbit femoral artery. part B. All points are mean ~ S.E.M. 
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TABLE 4 

Irreversible Antagonism of 5-HT by EEDQ (3000 oM) 

Ka 

q 

rp 

Ka values in nM 

Rat Aorta 

356 ± 65 

0.18 ± .06 

14 % ±....7 

q = fraction of receptors remaining 
rp = % spare receptors 

Rabbit Femoral Artery 

127 ± 30 

0.35 ±.....04 

12 % ± 6 

Values represent mean ± s.e.m. for RA n = 3, and RFA n = 4. 

~ 

<0 



in responsiveness between the RA and the RFA (Figure 14). 

One co~pound, SN-12, appeared to be a full antagonist of 

5-HT-induced contractions in both the RA and the RFA. 

The compounds SN-1, SN-18, and RU 24969 were partial 

agonists in the RFA (Figure 14 B) and full, competitive 

antagonists in the RA (Figure 14 A). SN-3 also exhibited 

partial agonist activity in the RFA, but was an extremely 

weak and variable partial agonist in the RA. The affinity 

constant for SN-3 was not calculated in the RA due to the 

extreme 

tissue. 

variability and weakness of its activity in this 

Ketanserin competitively antagonized the partial 

agonist activity of RU 24969 with a pA 2 value of 8.64 ~ 

0.22, which was not significantly different from 

ketanserin value calculated against 5-HT 

the 

(see 

Figure 15 and Table 5). Dissociation constants for the 

partial agonists in the RFA determined by the method of 

Gero and Tallarida (Gero and Tallarida, 1977) 

values for these compounds against 5-HT in the 

shown in Table 5. 

RA are 

We have also examined several compounds from different 

chemical classes which were full antagonists in both 

vascular preparations, i . e. , compounds which produced no 

measurable contraction up to doses of 3000 nM in either 

tissue. The pA 2 values for these compounds are shown in 

Table 5. In Table 5, the pK i values against [3 H]ketanserin 

80 



z 
o 
I
U 
<{ 
a::: 
I
Z 
o 
U 

~ 

z 
o 
i= 
u 
<{ 

240r---------------------·------------~ 

120 

RAT AORTA 

0-05-HT 
6-6.SN-1 
A-ASN-3 
D-DSN-18 
a-a RU 24969 .,..,. 

T 0'" -0-0--0'" 
T/9--'" ... ... ... 

./9 
~O 

O+--4RF--~-4 __ ~~~_===~~~~ 

A 

240~----------------------------------~ 

a::: 120 
I-
Z 
o 
u 
~ 

-8 -7 -6 -5 -4 

log [AGONIST], M 

81 

Figure 14. Comparison of tetrahydropyridylindole agonist 
activity in the RA (part A) and the RFA (part B) as compared 
to 5-HT. All drugs were added in cumulative doses: 5-HT (0 
), RU 24969 (e). SN-1 (.~). SN-3 (A). and SN-18 (D). 
All curves are means ~ s.e.m. of at least 3 separate 
animals' vessels. 
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TABLE 5 

Comparison of Dissociation Constants 

Compound /3H]Ketanserin Antagonist Partial 
Binding, pKi pA2 Agonist, pKb 

Rat Rabbit RA Slope RFA Slope RFA 

SN-I 7.17 ± .03 (3) 7.42 ± .1 (3) 7.14 ± .2 (4) -.83 ± .1 6.38a ± .1 (3) 

SN-3 6.13 ± .1 (3) 6.32 ± .1 (3) 6.52 ±.1 (4) 

SN-12 7.88 ± .1 (4) 7.76 ±.3 (3) 7.31 ± .1 (3) -1.3 ± .1 6.65a ± .1 (4) -1.4 ± .1 

SN-18 6.74 ± .02 (2) 6.87 ± .1 (3) 6.80 ± .2 (3) -1.0 ± .1 6.03a ± .1 (3) 

RU 24969 5.97 ± .1 (3) 6.17 ± .03 (3) 6.02 ± .2 (4) -1.3 ± .3 6.75a ± .1 (4) 

AHR 1709 8.03 ± .1 (3) 7.90 ± .2 (6) 7.61 ± .2 (3) -.81 ± .1 6.92a ± .2 (3) -1.3 ± .2 

Methysergide 8.79 ± .1 (2) 8.42 ± .04 (3) 9.57b ± .2 (4) -1.1 ± .3C 8.4 7b ± .2 (3) - .9 ± .1 

Ketanscrin 9.44· ± .02 (2) 9.39· ± • I (J) 9.01 ± .5 (3) -1.5 ± .4 8.82 ± .2 (4) -1.3 ± .2 

Spiperone 9.66 ± .1 (4) 9.41 ±.3 (3) 9.53 ± .3 (3) -],2 ± .2 9.25 ± .1 (3) -1.2 ± .1 

aSignificantly different from binding (both species) and rat aorta, ANOYA followed by Newman-Keuls post hoc (p<.05). 
bSignificant difference bet ween vascular tissues only. 
cSchlld analysis with ECSO values, note pA2 value estimation only. 
-- Very weak partial agonist in RA; variability too great to calculate affinity. 
·Dissociation constant from saturation studies. 
Values are mean ± S.E.M. 
n numbers are in ( ). 
Slope values are from Schild analysis mean ± S.E.M. 
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binding in the rat frontal cortex and the rabbit frontal 

cortex showed no significant differences for any of the 

compounds (PR i values analyzed by one-way ANOVA followed by 

Newman-Reuls post hoc examination). The pA 2 values 

against 5-HT for these compounds in the RA were not 

significantly different from the rat and the rabbit CNS 

binding pRi's. The pA2 values obtained for the 5-HT 

antagonists SN-12 and AHR 1709 in the RFA, were 

significantly different (p < 0.05) from the pA 2 values in 

the RA, as well as the pR i values obtained in CNS 

binding experiments for both species (p < 0.05). The 

negative log of the partial agonist affinity constants 

calculated by the method of Gero and Tallarida are shown 

in the fifth column of Table 5. The partial agonist 

affinity constants for SN-1, SN-18, and RU 24969 were 

significantly different (p < 0.05) from both the RA 

affinity and the binding affinity constants. 

To further illustrate the difference in 5-HT response 

in the two vascular tissues, the studies using 

as a 5-HT antagonist are compared in 

methysergide 

Figure 16. 

Methysergide appeared to produce competitive antagonism of 

5-HT in the RFA (Figure 16 B). In the RA, however, the 5-HT 

curves in the presence of methysergide did not clearly 

display competitive characteristics (Figure 16 A). The pA 2 
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values calculated from these studies are shown in Table 5. 

The pA 2 value for methysergide in the RA is 

different (p < 0.05) from the pA 2 value in 

significantly 

the RFA, but 

neither pA 2 value is significantly different from the 

binding affinities. 

Discussion 

The initial studies with the RFA and the RA using the 

5-HT 2 irreversible antagonist EEDQ showed affinities for 

5-HT in the range of 130-260 nM, which approximates the 

5-HT affinity (K d ) of 300 nM found in ligand-binding 

assays of the 5-HT 2 receptor subtype (Leysen et al., 1981). 

Likewise, the pA 2 values for ketanserin versus 5-HT-induced 

contractions in these two vascular tissues were not 

significantly 

the range 

different from one another and were in 

receptor 

therefore, 

of affinity also suggestive of the 5-HT 2 

(Leysen et al., 1981). The initial findings, 

with 5-HT itself and with the known 5-HT 2 

antagonist ketanserin were consistent with the findings of 

others 

receptor 

in the RA and the RFA suggesting 

of the 5-HT 2 type which is 

a homogeneous 

associated with 

contraction of the smooth muscle cells (Cohen et al., 1981; 

Van Nueten et al., 1982). 
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After the initial studies we began screening compounds 

for 5-HT 2 activity in these two tissues. During examination 

of a series of known and novel compounds, discrepancies 

appeared. The tetrahydropyridylindole series of novel 

compounds based on RU 24969 showed the most striking 

differences between the RA and the RFA. RU 24969, SN-l, and 

SN-18 showed partial agonist activity in the RFA and full 

competitive antagonism of 5-HT in the RA. The differences 

in activity of these compounds suggested two possibilities. 

One possibility was that the receptor reserve might be 

very low in the RA as compared to the RFA, and the partial 

agonists' efficacies were too weak to be detected in the RA. 

There is on-going controversy as to whether receptor 

reserve is a real phenomenon representing actual numbers of 

receptors activated and available, or a theoretical concept 

encompassing aspects of excitation coupling, drug access and 

efficacy (Kenakin, 1986). However, without 

addressing the theoretical concepts and in an attempt to 

compare parameters other than affinity, the method of 

partial irreversible blockade (Furchgott and Bursztyn, 

1967) was used to estimate the percent receptor reserve 

for tissue comparison purposes, 

and antagonist doses in each. 

using the same agonist 

The receptor reserves 

calculated from the EEDQ irreversible antagonist studies 

were small and showed no significant difference between the 

RA and the RFA. We find that the parameters of agonist 
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activity which represent the concept of "receptor reserve" 

are not significantly different between the RA and the 

RFA and cannot explain the disparity of partial agonism in 

the RFA and full antagonism in the RA by the same 

compounds. 

A second mechanism for the disparity in activities of 

RU 24969 and the novel indoles between the RA and the RFA 

that was considered was a possible difference between the 

receptors in the two tissues. Since RU 24969-elicited 

contractions in the RFA were competitively inhibited by 

ketanserin with a pA 2 value which was not significantly 

different from the pA 2 value for ketanserin versus 5-HT in 

the same tissue, it seemed likely that the series of partial 

agonist indoles were acting through receptors with 5-HT 2 

characteristics. Examination of the affinities of these 

partial agonist indoles in the RFA as compared to the pR i 

values at 5-HT 2 sites from C3H]ketanserin binding in the 

frontal cortices of both the rat and the rabbit and against 

the pA 2 values in the RA showed that several of the 

compounds (SN-l, SN-18, and RU 24969) have significantly 

different affinities in the RFA. Examination of the list of 

compound affinities in the RFA overall, although some 

compound affinities are significantly different from the 

other tissues' values, the affinities of the known 

compounds ketanserin, spiperone, and methysergide showed 
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the affinity profile most closely matches the 

receptor subtype. 

Because of potential problems associated with 

identifying receptors based on partial agonist studies, we 

have also examined compounds which were full antagonists in 

both vascular tissues. While ketanserin did not discriminate 

between the RA and the RFA, the pA 2 values for SN-12 and AHR 

1709 were significantly different between the two vascular 

tissues. As we found in the RFA partial agonist studies, 

the affinities for these two antagonists in the RFA were 

also significantly different from the pRi's 

[3 H]ketanserin binding studies in the eNS of both 

in the 

species. 

In contrast, the pA 2 values for SN-12 and AHR 1709 in the RA 

were not significantly different from the binding affinities 

in either species. 

When all of the pharmacological data from this study 

and a previous study (Killam et al., 1988) are taken 

together, the data suggest that the RA contains a 

functional 5-HT receptor associated with contraction which 

appears to be identical to the 5-HT 2 receptor as defined by 

[3 H]ketanserin binding in the frontal cortices of both 

the rat and the rabbit (See Appendix IV.). However, 

the 5-HT receptor associated with contraction in the RFA, 

while similar to the classically defined 5-HT 2 receptor, 
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appears pharmacologically distinct from the receptor 

described in the RA and the 5-8T 2 binding site in the 

frontal cortices of both species. Since the affinities in 

the RFA were significantly different from the affinities in 

the rabbit cortex studies, the differences seen in the 

functional assays probably do not represent a species 

difference in the pharmacologic properties of the 5-8T 2 

receptor. Since both receptors in the vascular tissues are 

recognized by ketanserin, have similar affinities for 5-8T, 

and have affinity for spiperone in the range of 5-8T 2 

receptors (Peroutka, 1988), we suggest that the two vascular 

receptors may represent different subtypes of the 5-8T 2 

class. 

The effects of two methodological differences between 

the RA and the RFA deserve comment. In these studies the 

rabbits were killed with five times the lethal dose of i.v. 

pentobarbital Na. The anesthetic was injected as rapidly as 

was comfortable for the rabbit and cardiac arrest and death 

occurred in less than 1 minute. We have recently repeated 

some of the earlier studies with tissues from 

asphyxiated rabbits, compared these to the pentobarbital 

killed rabbits and found the results to be 

indistinguishable. Additionally, high concentrations of 

pentobarbital added directly to the tissue bath will depress 

agonist activity but is rapidly reversible upon 3 changes of 
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bath buffer. We added cocaine to the rat aorta studies in 

order to duplicate the potency of 5-HT reported by others in 

this tissue. Cocaine, at the concentrations used in the RA 

studies, either had no effect or slightly depressed maximum 

contraction to 5-HT in the RFA. Further, cocaine did not 

alter the RFA response to RU 24969 (partial agonist). pA 2 

studies for SN-12 in the RFA showed identical pA 2 values 

with and without cocaine preincubation (n 2 each). 

Speculation on the exact mechanism behind the cocaine effect 

on 5-HT in the RA is beyond the scope of this 

dissertation. If cocaine were having a direct effect on 

the receptor, it might be expected that it would weaken 

the correlation of drug affinities between the rat 

aorta and the binding assays, where there is no cocaine 

added. In this case it would be expected that the 

vascular tissue without cocaine (RFA) would correlate 

better to the binding than the cocaine-treated RA, the 

reverse of the present findings. 

A review of the literature reveals that other groups 

have also shown differing affinities for compounds among 

functional 

aI. (1988): 

5-HT 2 receptor preparations, ego Blackburn et 

and Leff and Martin (1986). In general, the 

authors have not discussed the variances in 5-HT 2 

receptor affinities. Notably, Leff and Martin (1986) 

showed differences in antagonist activity and affinity 
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for ketanserin, methysergide, trazodone and spiperone 

in several purported 5-8T 2 receptor-containing vascular 

tissues. These authors, 

heterogeneous 5-8T 2 receptors, 

rather than 

explained the 

proposing 

observed 

differences in antagonist affinities as a consequence of the 

antagonists being inappropriate choices for 5-8T receptor 

classification, since the compounds have chemical structures 

which are significantly different from 5-8T itself. Leff 

et al. (1986) followed this work with studies using a 

series of substituted tryptamines and showed that these 

tryptamines did not discriminate between the 

receptor preparations. These authors suggested that the 

tryptamine compounds, being structurally similar to 5-8T, 

were more appropriate for 5-HT receptor classification. We 

offer that Leff and Martin's work, as well as the findings 

of others who have shown differing vascular 

receptor affinities, are consistent with our findings 

which suggest at least two possible receptor 

subtypes. The compounds we have examined are from 

used diverse chemical classes. Some 

did not discriminate between 

(ketanserin and spiperone), 

of the compounds we 

the RA and the 

and some did 

RFA 

(the 

pyridylindoles 

contrary to 

and the aryl tryptamine AHR 1709). Thus 

Leff and Martin's (1986) and Leff et al. 

(1986) findings, in our case, it was the compounds that 

were structurally most closely related to 5-8T that 

92 



showed 

tissues. 

the greatest discrimination between the two 

However, since our list of studied compounds 

in the RA and the RFA is relatively short, we cannot 

at this time predict, based on the structural similarity of 

the compound to 5-HT, whether a compound will or will not 

discriminate between the two vascular 5-HT 2 preparations. 

In addition to the pharmacologic differences between 

the RA and the RFA described above, there were other 

differences between the serotonergic responses in the two 

tissues. An interesting addition to our findings is the 

observation that the RA showed rapid and prolonged 

desensitization to 5-HT such that only one 5-HT curve could 

be performed per tissue (Figure 13 A). These findings are 

consistent with Leff and Martin's (1988) observations of 

tissue specific desensitization and possible agonist 

alteration of affinity states of 5-HT 2 receptors. In 

contrast to the RA, the RFA did not desensitize to 5-HT and 

multiple 5-HT dose-response curves could be executed per 

tissue (Figure 13 B). We suggest that these observations 

are at least consistent with our contention that the 5-HT 

receptors associated with contraction in these two vascular 

tissues are not identical and may be regulated differently. 

Further differences between the RA and the RFA were 

noted when methysergide was used as an antagonist of 

----------_ .. _----
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5-HT-induced contractions. Although the affinities 

for methysergide were not significantly different from 

the binding affinities in the eNS tissues and were similar 

to the affinities reported by others for 5-HT 2 

receptor preparations (Peroutka. 1988). the calculated pA 2 

values in the two vascular tissues were statistically 

different from each other. However. the pA 2 value for the 

RA must be interpreted with caution. since it is probably at 

best an approximation. The reason for believing the pA 2 

value for methysergide 

that in three out of 

methysergide produced 

in the RA may be inaccurate is 

four experiments the presence of 

complex 5-HT dose-response curves 

(Fig. 16 A). In some experiments methysergide produced a 

depression of 5-HT Emax values similar to non-competitve 

antagonism. while multiphasic 5-HT dose-response curves in 

the presence of methysergide were seen in others. This 

finding is similar to that of Frenken and Kaumann (1987) 

in the rat caudal artery where 5-HT dose-response 

curves became biphasic in the presence of methysergide. 

In contrast to the RA. methysergide in the RFA 

consistently produced parallel shifts of the 5-HT curves 

suggestive of classical competitive antagonism. Frenken and 

Kaumann (1987) 

an allosteric 

caudal artery 

suggest that methysergide 

regulation site of the 5-HT 2 

to explain the biphasic 

acts at 

in the rat 

5-HT curves 
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obtained. 

to the 

The possibility of an allosteric regulation site 

5-HT 2 receptor is not inconsistent with our 

suggestion 

Regardless 

of multiple 5-HT 2 receptor 

of whether the difference 

subtypes. 

in the 

antagonist activity of methysergide in these two tissues 

might occur as either, a difference in allosteric 

regulation, or a difference in receptor 

obvious differences in the responses of 

kinetics, 

the RA 

the 

as 

compared to the RFA to methysergide antagonism lend further 

support to the possible existence of two different 5-HT 2 

receptors 

contraction. 

associated with vascular smooth muscle 

In summary, based on the findings of significantly 

different partial agonist and antagonist affinities in the 

RFA as compared to the RA and the [3 H]ketanserin binding 

site in the cortices of both the rat and rabbit, we feel the 

data are consistent with the possible existence of multiple 

subtypes of the 5-HT 2 receptor. The affinities of RU 24969 

and spiperone in the two vascular tissues rules out the 

possibility that the receptor associated with contraction in 

the RFA is the 5-HT 1A or the 5-HT 1C receptor. The described 

observations of tissue specific desensitization and 

differences in methysergide activity are consistent with the 

findings of others and with the possibility that the 5-HT 
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receptors associated with contraction in the RA and the RFA 

may be regulated differently. The 5-HT receptor associated 

with contraction in the RA appears to be pharmacologically 

identical to the [3 H]ketanserin binding site in the frontal 

cortex of at least the rat and the rabbit. The 5-HT 

receptor associated with contraction in the RFA appears to 

be similar, but pharmacologically distinct from the above 

described "site." Our findings appear to be part of a 

growing trend in neurotransmitter and receptor research 

where, as techniques improve, the number of subdivisions of 

classical receptor types are correspondingly expanding. As 

for the 5-HT 2 receptor class, Peroutka et al. (1988) have 

recently proposed the existence of the receptor subtypes 

5-HT 2A and 5-HT 2B based on eNS membrane binding studies 

with agonists. Pritchett et al. (1988) have cloned a 

central 5-HT2 receptor and suggest the possibility that 

multiple 5-HT 2 receptor subtypes may exist and that, in 

addition, and the 5-HT 1C receptor should be reclassified 

(based on structural homology and pharmacology) as part 

of the 5-HT2 receptor class (Hartig, 1989). We believe 

that our data are the best definitive evidence available 

to date, using compounds from several different chemical 

classes, for two different, vascular 5-HT receptors with 

5-HT 2 receptor characteristics. However. because of the 

current confusion 

receptor subtypes, 

regarding nomenclature of the 

we are not prepared to suggest 

5-HT 

names 

96 



for the two apparently distinct vascular 5-HT 2 receptors 

at this time. 

(This chapter was modified from a manuscript accepted 
for publication in the Journal of Pharmacology and 
Experimental Therapeutics, the March 1990 issue.) 
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CHAPTBR 5. COMPARISON OF FOUR VASCULAR TISSUBS. 

Introduction 

A series of novel indoles has been under 

investigation using ligand binding techniques to identify 

for drug the chemical and structural requirements 

selectivity 

To further 

among serotonin (5-HT) receptor subtypes. 

understand the chemical properties of 

serotonergic drugs, binding assays must be coupled with 

functional assays to determine the intrinsic activity 

of the novel compounds. Blood vessels were 

as a simple functional system to examine 

investigated 

activities of 

novel compounds at both the 5-HT 2 and 5-HT 1-like receptor 

subtypes. The rat aorta and rabbit femoral artery were 

examined 

tissues 

subtype 

as potential 5-HT 2 receptor assays 

reportedly contained the 5-HT 2 

(Cohen et al., 1981: Van Nueten et 

Extensive characterization of these two arterial 

as these 

receptor 

al. , 1982). 

ti ssues by 

the authors showed subtle but distinct differences between 

the 5-HT 2 receptors in these 

(See Chapters 3 and 4). 

tissues (Killam et al., 1988) 

In an attempt to answer 

questions of whether the observed differences in 5-HT 2 

receptor activity were species or anatomically based, and 

further, to pick the most reliable assay for 5-HT 2 receptor 

activity, the rabbit aorta and the rat femoral arteries were 

examined in this study. Selected compounds from the 
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previous vascular studies which showed the most significant 

differences between the rat aorta and the rabbit femoral 

artery were studied in the converse tissues and compared to 

previous studies and to 5-HT 2 binding in the CNS of both 

species. 

Methods 

Chemicals 

5-Hydroxytryptamine creatinine sulfate, pargyline HCI, 

and cocaine HCI were purchased from Sigma Chemical Company, 

(St Louis, MO). 

quinoline (EEDQ) 

N-Ethoxycarbonyl-2-ethoxy-1,2-dihydro-

was purchased from Aldrich Chemical 

Company (Mil waukee, WI). The following drugs were 

generously supplied by the listed companies: methysergide 

from Sandoz Pharmaceuticals (Hanover, NJ), ketanserin Hel 

from Janssen Pharmaceutica (Beerse, Belgium), prazosin HCI 

from Pfizer (Groton, CN) and 5-methoxy-3(1,2,5,6-

tetrahydro-4-pyridyl)1H indole (RU 24969) from 

Roussel-Uclaf (Romainville, France), and (1-[2-(3-indolyl)

ethyl-4-phenyl]-1,2,3,6-tetrahydropyridine (AHR 1709) from 

A.H. Robbins (Richmond, VA). {3 H]Ketanserin was purchased 

from New England Nuclear Corporation (Boston, MA). 

Vascular Studies 

Two millimeter segments of rabbit aorta and femoral 
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artery, and rat aorta and femoral artery were cut and 

placed in tissue baths containing modified Krebs' buffer, 

based on the method of Hooker et al. (1977). The bath 

were maintained at 37 0 C and pH stabilized with 95% O2 and 

5% Optimal resting tensions were previously 

determined and were as follows: 2 grams (g) for rabbit 

aorta, 1.5 g for rat femoral, and 1 g for both the rat 

aorta and the rabbit femoral arteries. Cumulative dose-

response curves for agonists were performed following a 

contraction calibration with either BaC1 2 (30 or 100 mM) or 

KCI (120 mM) and a 20 minute incubation with prazosin 

and pargyline (rabbit aorta and femoral, rat femoral), 

or prazosin, pargyline and cocaine (rat aorta). Cocaine 

did not shift the 5-HT curve to the left in the two rabbit 

tissues or the rat femoral (Vanderhamm unpublished), as 

cocaine does in the rat aorta (see Chapter 2). With the 

exception of the rat aorta which showed prolonged 

desensitization, two agonist curves were performed per 

tissue, the first as a control and the second incubated 

with the test antagonist where appropriate. 

Contractions are expressed as a percent of the BaC1 2 or 

KCl contraction calibration pulse. ED50's were determined 

using nonlinear curve fitting analysis (PCNONLIN, 

Statistical Consultants Inc). pA 2 values were calculated 

from Schild plot analysis according to VanRossum 
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(VanRossum. 

calculated 

Tallarida 

1963) . 

according 

(1977). 

Partial 

to the 

agonist 

method 

The method 

affinities 

of Gero 

of Furchgott 

Bursztyn (1967) was used to determine the affinity 

were 

and 

and 

for 

5-HT using the irreversible antagonist 

N-ethoxycarbonyl-2-ethoxy-1.2-dihydroquinoline (EEDQ) a 

purported alkylator of 5-HT 2 receptors (Battaglia et al .• 

1986) . 

r3H]Ketanserin binding assays were carried out on 

membranes prepared from the frontal cortices of both the rat 

and the rabbit according to a method modified from Leysen et 

al. (1981) as described in Taylor et al. (1986) (See 

Appendix III.). 

Results 

1. The results of the Furchgott and Bursztyn determinations 

of KA are shown in Table 6. There was no significant 

difference between the affinities for 5-HT in the rat aorta 

and the rabbit femoral or between the rat aorta and the rat 

femoral. The rabbit aorta 5-HT affinity was significantly 

different from both the rat aorta and the rabbit femoral 

artery but not from the rat femoral. 

aorta and the rat femoral artery 

Both 

have 

the rabbit 

"receptor 

reserves" that are approximately twice as large as the rat 

_______ . __ ~ __ • ____ '_. __ • ___ r_' 
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TABLE 6 

Irreversible Antagonism of 5-HT by EEDQ 

Rat Aorta Rabbit Femoral Rabbit Aorta Rat Femoral 

* Ka 356 .:t. 65 127 .:t. 30 705 .:t. 251 514 .:t. 111 

q 0.18 .:t. .06 0.35 .:t. .04 0.19 .:t. .04 0.04 .:t. .01 

rp 14 % + 7 12 % .:t. 6 29 .:t. 10 38 .:t. 3 

n 3 4 4 4 

Dose of EEDQ 3000 nM except rat femoral where dose was 
10.000 nM. 

Ka values in nM 

q = fraction of receptors remaining 

rp = % spare receptors 

Values represent mean .:t. s.e.m. 

* Significantly different from all except rat femoral; ANOVA 
followed by Newman-Keuls' post hoc test performed on pK A. 
p < 0.05. 
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aorta and the rabbit femoral. 

2. RU 24969 (structure shown in Figure 12, Chapter 4) the 

prototype for a series of novel indoles under stuuy, was a 

partial agonist in all but the rat aorta (Figure 17). The 

affinities for RU 24969 are shown in Table 7. ANOVA 

followed by Newman-Keuls' showed no significant 

difference between the rat eNS, the rabbit CNS and the rat 

aorta RU 24969 affinities. The rat femoral RU 24969 

affinity was significantly different from all other tissues 

(p < 0.05), and the rabbit aorta and femoral affinities 

were significantly different from all other affinities but 

not from each other. 

3. The results of the antagonist studies with ketanserin, 

AHR 1709 (structure shown in Figure 9, Chapter 3), and 

methysergide are shown in Table 7. Ketanserin does not 

discriminate between any of the tissues. AHR 1709 does not 

discriminate between the rat CNS, the rabbit CNS, the rat 

aorta or the rat femoral. The rabbit femoral and the rabbit 

aorta AHR 1709 affinities are both significantly different 

from the other tissues but not each other (p < 0.05). 

The pA 2 values for methysergide in the rat vessels are 

significantly different from the rabbit tissues but not from 

each other (p < 0.05). 
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Figure 17. Activity of HU 24969 (.) as compared to 5-HT 
( 0) in four vascular tissues. n = at least 3 in all 
tissues. All values are mean ~ s.c.m. 
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TABLE 7 
Comparison of Dissociation Constants 

Compound [3H]Ketanserin Vascular Tissues 
Binding, pKi CNS -log Affinity 

Rat Rabbit Rat Rabbit 
Aorta Femoral Aorta Femoral 

Ketanserin 9.44 + 9.39 + 9.01 9.36 8.45 8.82 

AHR 1709 8.03 7.90 7.81 8.05 7.01 b 6.92b 

Methysergide 8.79 8.42 9.57b 9.69b 8.08 8.47 

RU 24969 5.97 6.17 6.02 7.06*a 6.67*b 6.75*b 

Vascular affinities are pA2 values, method of VanRossum (1963). 

* Partial agonist in this tissue, pKb calculated from method of Gero and Tallarida 
(1977). 

a Significantly different from all other tissue affinities; ANOVA followed by 
Newman-Keuls' post hoc test (p < .05). 

b Affinities significantly different from other tissues but not from each other. 
Statistical analysis as a. 

+ From saturation studies. 
.... 
o 
01 
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Figure 18. Activity of methysergide against 5-HT in four 
vascular tissues. Methysergide was preincubated for 20 
minutes at doses of 0 M (0) •. 3 nM (.,). 1 11M (t::,.). 3 nM 
( A ). 10 nM (D). 30 nM (II). and 100 nM ("V). All values 
expressed as means ~ s.e.m. n Numbers are as follows: Rat 
aorta (4). rat femoral artery (3). rabbit aorta (3). and 
rabbit femoral artery (3). 
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4. Methysergide shows competitive antagonism in all studied 

vascular tissues except the rat aorta (Figure 18). 

Conclusion 

As no two of the four vascular tissues are alike it is 

probable that there are several complicating factors 

associated with 5-HT 2 receptors in these tissues. Although 

the rat aorta appears to match the CNS [3 H]ketanserin 

binding assays more closely than the other tissues there are 

several points of concern in choosing the rat aorta as a 

functional 5-HT 2 receptor assay for novel compounds: 

1a. RU 24969 is an antagonist in only the rat aorta. The 

smaller receptor reserve in this tissue as compared to the 

rat femoral may partly explain the difference in activity of 

RU 24969. However. the rabbit femoral has a similar 

receptor reserve to the rat aorta and RU 24969 is a partial 

agonist in the rabbit femoral. 

lb. The partial agonist activity for RU 24969 in the 

femorals of both species are comparable to each other. 

However. the affinities in the femorals are significantly 

different from each other and in the case of the rat from 

the aorta which may indicate both a vascular bed difference 

and a species difference in the 5-HT 2 receptors. 
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2. Methysergide shows noncompetitive antagonism in only the 

rat aorta and the pA 2 for both rat vessels are significantly 

different from the binding affinities. Kaumann and Frenken 

(1987) have suggested that methysergide may act at an 

allosteric site to the 5-HT 2 receptor in the rat caudal 

artery. These data may suggest that the vascular 5-HT 2 

receptor in rabbit vessels and the rat femoral may not 

contain the proposed allosteric site thus 

species difference and possibly a vascular 

regulation difference. 

indicating a 

bed receptor 

In evaluating 4 vascular tissues, the aorta and femoral 

arteries from the rat and the rabbit for usefulness in 

screening 5-HT 2 receptor activity no clear trends appear. 

While ketanserin does not discriminate between any of the 

tissues suggesting classical 5-HT 2 receptor activity, subtle 

differences among the preparations make choosing the 

appropriate system for quantitative structure activity 

studies difficult. We have shown that there may be 3 and 

possibly 4 confounding factors: species differences in 

receptor regulation and possibly 

characteristics (methysergide, AHR 

receptor affinity 

1709), vascular bed 

differences (similar activities for RU 24969 in the 

femorals which are different from the rat aorta), and 

receptor reserve and 5-HT affinity differences among the 
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tissues. Caution must therefore be exercised in choosing 

functional assays for 5-HT 2 receptors based on ketanserin 

affinity and activity, and short lists of known 

compounds alone. In spite of the few differences seen for 

the rat aorta, this tissue still appears to be the most 

highly correlated vascular assay to the CNS C3H]ketanserin 

binding site using antagonist affinities (See Appendix IV. 

for correlation of all compounds examined in rat aorta, 

except methysergide). Of concern, for using the rat aorta 

as the exclusive screen for 5-HT 2 activity, are the 

discrepancies of full antagonism of RU 24969 and the non

competitive antagonism of methysergide which appeared unique 

to the rat aorta among the four tissues examined. These 

studies clearly demonstrated that vascular 5-HT 2 receptor 

responses are heterogeneous. To use vascular tissues for 

determining the 5-HT 2 activity of novel compounds, it would 

appear important to look at the activity in at least two 

arterial tissues. Based on these findings, the 

recommendation would be to check for partial agonist 

activity in the rat femoral artery, while using the rat 

aorta as the major 5-HT 2 screen for possible 

antagonists. 

-----~-.---.---"'---~-- .--
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CHAPTER 8. AGONIST DISSOCIATION CONSTANTS 

Introduction 

In the previous chapters characterization of serotonin 

receptors has been based on a rigorous definition which 

requires that for two receptors to be classified as 

identical, the dissociation constants for pharmacological 

tools studied in both receptor preparations must be 

quantitatively identical. In theory, if both receptor 

proteins are the same, then the kinetics 

associations should be similar as these are based 

such criteria as ionic forces, hydrogen bonding, 

(Kenakin, 1987). physical diffusion processes 

of 

on 

and 

In 

practice, during attempts to compare results from several 

types of receptor assays, confounding factors have often 

muddied definitions among receptor types. While studies 

comparing antagonist activities are not without peculiar 

problems, attempts to quantitatively compare agonist or 

partial agonist dissociation constants have been the 

subject of debate for decades. The various components of 

the 'active' interaction of agonists with receptors can 

alter the apparent kinetics of the encounters as, for 

example, the proposed conversion to low affinity receptor 

states in the presence of agonist drug 

It is clear that in functional systems, 

molecules and 

such as 

GTP. 

blood 
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vessels, tissue factors (such as the efficiency of 

receptor coupling to the measured response), and drug 

factors (such as the ability to deform the receptor protein 

to initiate second messenger systems) cannot be isolated. 

Therefore, the challenge to perfect a mathematical model of 

agonism which can reliably derive dissociation constants 

while accounting for such tissue and drug factors and with 

the flexibility to be used in a variety of preparations has 

been continuous since Furchgott and Bursztyn (1967) proposed 

the most widely used method for estimating agonist 

dissociation constants in bioassay preparations. 

In attempts to compare the affinities of serotonin and 

several partial agonists in the blood vessel preparations to 

affinities for these compounds in binding studies, two 

approaches were taken. For serotonin and RU 24969, known 

compounds for which enough quantity was available for 

extensive study, the method of partial irreversible blockade 

as outlined by Furchgott and Bursztyn (Furchgott and 

Bursztyn, 1967) was employed to estimate the dissociation 

constants. The method of Furchgott and Bursztyn 

utilizes reciprocal transformation of the data which has 

certain limitations which will be outlined in the 

discussion. Therefore, two newer methods of analysis 

using 

to 

nonlinear regression techniques have been 

analyze data generated from 

proposed 

partial 
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irreversible antagonist studies and will be compared in this 

chapter to the Furchgott and Burstyn method. One of these 

methods uses a hyperbolic equation constrained using 

parameters calculated from the control agonist curve to 

analyze the second curve after receptor inactivation (James 

et al., 1989). This model for brevity will be designated as 

the "James model" in this chapter. The second nonlinear 

analysis technique simultaneously fits the control and 

antagonist curve, assuming a hyperbolic function for 

the relationship of receptor occupancy to effect, 

affinity and efficacy estimations for the agonist 

et al., 1985). This model has been designated as 

"operational model" by Black. 

both 

(Black 

the 

The second approach to quantitative agonist affinity 

calculations will be presented for several novel partial 

agonists discussed in Chapter 4, and for which quantities 

were too limited for extensive analysis using the partial 

irreversible blockade method. These compounds, SN-1, SN-3, 

and SN-18 (structure shown in Figure 12), showed Emax 

values less than 5-HT in the rabbit femoral (See Chapter 4) 

artery. The method of Waud (1969) and the method of Gero 

and Tallarida (1977) were employed to analyze the 

"untreated" partial agonist curves as compared to the 

"full" agonist serotonin curves. The partial agonist RU 
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24969 was analyzed by both partial irreversible blockade 

(3 analyses) and the partial agonist methods used for the 

SN compounds. 

This chapter will discuss the advantages and 

disadvantages for the various methods as these parameters 

relate to actual data from serotonergic studies in arterial 

tissue. It has been proposed that methods which directly 

fit data would have superior reliability than methods which 

require extensive transformation of data points (James et 

al .• 1989). 

Methods 
Chemicals 

5-Hydroxytryptamine sulfate complex. pargyline HCI. and 

cocaine HCI were purchased from Sigma Chemical Company. (st. 

Louis. MO). N-Ethoxycarbonyl-2-ethoxy-1.2-dihydroquinoline 

(EEDQ) was purchased from Aldrich Chemical Company 

(Milwaukee. WI). The listed chemicals were generously 

provided by the following companies: Prazosin HCI from 

Pfizer (Groton. CN). 5-methoxy-3(1.2.5.6-tetrahydro-4-

pyridyl)lH indole (RU-24969) from Roussel-Uclaf 

(Romainville. France). [3 H]Ketanserin was purchased from 

New England Nuclear Corporation (Boston, MA). The novel 

indole compounds SN-1, SN-3. SN-12, and SN-18 were 

synthesized by S.S. Nikam as described by Taylor et al. 

(1988). 
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Vascular studies, General 

As 

chapters, 

described in more detail in previous 

segments of rabbit aorta and femoral, and rat 

aorta and femoral were cut and placed in tissue baths 

containing 

composition: 

modified Krebs' buffer of the following 

118.2 NaCI, 4.6 KCI, 1.2 KH 2P0 4 , 1.2 MgS0 4 , 

10 glucose, 2.5 CaCl 2 and 24.8 NaHC0 3 millimolar. The 

baths were maintained at 37 0 C and pH stabilized with 95% 

and 5% Optimal resting tensions were 

previously determined 

for rabbit aorta, 1.5 

both the rat aorta 

and were as follo\'18: 2 grams (g) 

g for rat femoral, and 1 g for 

and the rabbit femoral arteries. 

Cumulative dose-response curves for agonists were 

performed following a contraction calibration with either 

(30 or 100 mM) or KCI (120 mM) and a 20 minute 

incubation with prazosin and pargyline (rabbit aorta 

and femoral, rat femoral), or prazosin, pargyline and 

cocaine (rat aorta). With the exception of the rat aorta 

which showed prolonged desensitization, two agonist 

curves were performed per tissue, the first as a control 

and the second incubated with the test antagonist where 

appropriate. Contractions are expressed as a percent 

of the BaCl 2 or KCI contraction calibration pulse. 
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Partial Irreversible Antagonism Studies 

N-Ethoxycarbonyl-2-ethoxy-1,2-dihydroquinoline (EEDQ) 

was used as an irreversible antagonist at the vascular 5-HT 2 

receptor according to the method originally outlined by 

Furchgott and Bursztyn (1967). EEDQ has been shown to 

irreversibly block 5-HT 2 receptors (Battaglia et al., 1986). 

We used up to 10 pM EEDQ for a 20-minute incubation with 

subsequent repeated washings before agonist curves were 

performed as outlined above. For the RA, agonist curves 

from EEDQ dosed rings were compared to agonist curves in 

non-dosed rings of the same animal's aorta. In all other 

tissues a control agonist curves were followed by EEDQ-

dosed agonist curves. The irreversible 

blockade by EEDQ, is evidenced by decreased 

contractions, which persisted in all tissues 

multiple washings. 

Partial Agonist Studies 

RU 24969 was examined in the irreversible 

receptor 

maximal 

through 

blockade 

studies as well as in the partial agonists studies used for 

the novel indole agonists. The partial agonist 

studies were carried out in the rabbit femoral artery where 

a control 5-HT curve was followed by a test partial agonist 

curve in the same tissue. All agonist curves were performed 
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in the presence of pargyline and prazosin as previously 

described. Equiactive doses from the 5-HT curve were 

compared to the test partial agonist curve in the same 

tissue ring. 

Binding Assays 

To compare dissociation constants for serotonin and the 

indole partial agonists to dissociation constants for these 

compounds In known 5-HT 2 receptor assay (3 H]ketanserin 

assays were performed. [3 H]Ketanserin binding assays were 

carried out on membranes prepared from the frontal cortices 

of both the rat and the rabbit according to a method 

modified from Leysen et ai. (1981) as described in Taylor et 

a!. (1986) . (See Appendix III for the Taylor et 

al. protocol.) Apparent Ki values were calculated from the 

IC 50 values in competition studies according to the Cheng 

and Prusoff equation (Cheng and Prusoff. 1973). 

Data Analysis 

Partial Agonist Studies 

For comparison of the method of Waud (1969) to the 

method of Gero and Tailarida (1977) both the 5-HT curves and 

the partial agonist curves were analyzed with PCNONLIN 

nonlinear regression (Statistical Consultants Inc. ) 

fitting the curves to the standard hyperbolic equation: 
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A 
E = --------

1+ (B/X)~N 

Where: E Effect; A = 
Producing Half Maximal Effect; 
Slope Factor. 

Maximum Effect; B Conc 
X = Drug Concentration; N 

using the NeIder Mead algorithm. 

Equiactive doses and Emax values required for both analyses 

were derived from the fitted curves. The reader is 

referred to method A of Gero and Tallarida (1977) and to 

Figure 19. The partial agonist KA is calculated from the 

following equation: 

Please see Figure 19 for an explanation of the 

symbols in the above equation. The method of Waud (Waud. 

1969) is based on a reciprocal plot of equiactive doses for 

a full agonist on the y axis and the partial agonist on 

the x axis. The Kp (partial agonist dissociation 

constant) can be calculated from the slope and 

intercept of the resulting linear regression according to 

the following: 

slope 

intercept 
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Figure 19. Diagrammatic explanation of the derivation of 
parameters for method A of Gero and Tallarida for 
calculating dissociation constants for partial agonists. 
For the equation on the preceding page: a = 1/[A] (full 
agonist concentrations; and b = 1/[8] (partial agonist 
concentrations). (Gero and Tallarida. 1977). 
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Partial Irreversible Blockade Analyses 

Furchgott and Bursztyn (Double Reciprocal Plot) Method 

Control and EEDQ-dosed curves were fitted using the 

standard hyperbolic equation shown previously and the NeIder 

Mead algorithm with PCNONLIN. Reciprocal equiactive doses 

of 5-HT or RU 24969 with and without the irreversible 

antagonist EEDQ from the fitted curves were plotted 

against each other with the reciprocal inhibited doses on 

the x axis. The slope of such a plot is l/q, where q is the 

proportion of receptors remaining unblocked. The y 

intercept is (l-q)qK a . Plotting reciprocal equiactive doses 

for EEDQ-dosed and non-dosed agonist curves produced a 

linear plot in most cases as long as the Emax of the agonist 

curve had been reduced to less than 50 %, and the equiactive 

dose comparison range was chosen to minimize error, 

according to Kenakin (Kenakin, 1987). 

James Model 

The nested hyperbolic nonlinear analysis method of 

James et al. (1989) suggests simultaneous fitting of the 

control and the inhibited curve using PCNONLIN. The 

inhibited curve is fitted according to the constraining 

parameters Emax ' EC50' and slope calculated from the 
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control curve hyperbolic function. In these studies the 

analysis of the control and inhibited curve have been 

separated to better evaluate the control data before 

committing to an entire analysis. Therefore, the control 

curve is first analyzed by the standard hyperbolic function 

nonlinear regression as previously described. The 3 

constraining parameters are then incorporated as constants 

into the following equation for nonlinear analysis: 

E = M/«(B/q*Ka*A'»*(Ka+A'*(l-q»)N + 1) 

Where E effect, M c E max ' q = fraction of receptors 

remaining, B 

of antagonist, 

EC 50 , 

N 

A'= drug concentration in the presence 

slope factor, and Ka agonist 

dissociation constant. 

Operational Model 

The operational model developed by Black et al. 

(1985) has been used to simultaneously analyze the control 

and inhibited curves using initial estimates determined from 

the previous two models. This model contains factors to 

account for either the hyperbolic 

concentration-effect curve (model 1) 

a hyperbola of this curve (model 2) 

slope factor in the equation. The two 

follows: 

or 

nature of the 

the deviation from 

which includes a 

models used are as 
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Model 1: 
Em 't [A] 

E -= --------------------
KA + ( 1 + 't ) [A] 

Model 2: 
Em 't n [A]n 

E = --------------------
(KA + [AJ )n + 'tn[A]n 

Where Em '" is defined as the tissue Emax ' [A] agonist 

concentration, KA is the agonist dissociation constant, 

n '" the slope factor, and 't is defined by Black et al. 

as the "transducer ratio," and is a measure of efficacy 

such that when 't is large, the EC 50 is much less than the 

indicative of full agonism. The reader is referred 

to Black et al. (1985) for a complete description of the 

derivation of these equations. 

Statistical Comparisons 

The negative log of the values were 

separated according to tissue and compared using analysis of 

variance followed by Newman-Keuls' post hoc test. To 

minimize satistical predjudice against any particular 

model, if any model produced negative affinity estimates or 

the nonlinear fitting had covariance errors, results from 

all models for that tissue were removed from the 

statistical comparisons. 
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Results 

Table 8 shows the results from the novel indole 

partial agonist studies using the method of Gero and 

Tallarida (1977) as compared to the method of Waud (1969). 

For all of the compounds the results of both methods were 

not statistically significantly different from each other. 

The pR i values for SN-1 and SN-18 in the rabbit frontal 

cortex were significantly different form the pRA values 

calculated by either method (p < 0.05). 

Table 9 shows the mean and standard errors from 

partial irreversible blockade studies for EEDQ against 

as compared to the apparent pRi values for 5-HT in 

the 

5-HT 

the 

frontal cortex of either the rat or the rabbit used in the 

statistical comparison of the three functional assay agonist 

models. In all four tissues none of the three model results 

were statistically different from the others. The pR i for 

5-HT in the rabbit cortex was significantly different from 

the values obtained by all three models in the rabbit 

femoral artery. Overall. with one exception. the standard 

errors were largest using the Furchgott and Bursztyn double 

reciprocal plot method. 

For overall performance of the three methods of 
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TABLE 8 

Partial Agonist Dissociation Constants 

Rabbit CNS Rabbit Femoral Artery 

pR i pRA 
Compound Gero and Tall. Waud 

-----------------------------------------------------------
SN-l 7.42 * !. .06 ( 3 ) 6.38 !. .05 ( 3 ) 6.41 !. .12 ( 3 ) 

SN-3 6.32 !. .06 (3) 6.52 !. .18 (4 ) 6.14 !. .13 (4 ) 

SN-18 6.87 * !. .06 ( 3) 6.03 !. .18 ( 3 ) 6.13 !. .09 (4 ) 

values are mean!. s.e.m. 

Significantly different from other values 

(#) n numbers 



TABLE 9 

KA Values for 5-8T in EEDQ Studies 

Vascular 
Tissue 

eNS, PK
f 

Operat. Model 
same spec es 

James Model Furch/B. 

Rat 5.93 ..:!:. .11 6.18 ..:!:. .18 6.39 ..:!:. .20 5.92 ..:!:. .30 
aorta 

( 4 ) ( 7 ) ( 7 ) (7 ) 

Rat 6.62 ..:!:. .17 6.20 ..:!:. .09 6.14 ..:!:. .11 
femoral 

( 8) (8 ) (8) 

Rabbit 6.18 * ..:!:. .05 6.34 ..:!:. .10 6.35 ..:!:. .10 6.03 ..:!:. .16 
aorta 

(6 ) ( 5 ) ( 5 ) (5 ) 

Rabbit 6.91 ..:!:. .16 6.81 ..:!:. .17 6.69 ..:!:. .17 
femoral 

(6 ) (6) (6 ) 

-----------------------------------------------------------
Values are means and s.e.m. 

(#) n numbers 

* significantly different from rabbit femoral values 
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analyzing the partial irreversible antagonism of 5-HT, the 

James method was most reliable, by having covariance error 

flags only three times, and being unable to iterate to 

convergence only once in n = 41 tissues. For the same 

model number 2 (with the data, 

factor) 

the operational 

whi ch generall y had much lower residuals 

slope 

than 

operational model 1 (f test a showed significant difference 

in the fit, p < 0.05) was unable to reach convergence 9 

times plus 2 ill conditioned covariances. These 

difficulties generally occurred in tissues where q was less 

than 0.10. For these cases switching to operational model 

1 produced results with a reasonably good curve fit in 3 

of the 9 cases and convergence was not achieved in 4 of 

the 9 cases. The double reciprocal linear regression was 

the least reliable, producing unrealistic results in 15 of 

41 studies, all of which occurred in tissues where the 

fraction of receptors remaining (q) was greater than 

0.50 or less than 0.10. As examples, Figures 20 and 21 

illustrate the actual data and fitted curves for the 

three methods in two individual experiments where all three 

methods had similar estimations of KA and q. Figure 20 

shows a rabbit femoral artery experiment where the 

operational model 2 was used. In Figure 21, a rat femoral 

artery experiment, operational model 2 could not achieve 

convergence. However, operational model 1 appeared to 

reasonably describe the data. 
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0.001 

o.ooo+-----------------------------------~ 
0.010 0.020 0.030 

1/[D) 

Figure 20. A comparison of the fit of the data for three 
methods of analyzing data derived from partial irreversible 
antagonism studies in the rabbit femoral artery. 
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0.000 ;------r-----...----......-----I 
0.060 0.070 O.OBO 0.090 0.100 

1/[0] 

Figure 21. A comparison of the fit to the data for three 
methods of analyzing data derived from partial irreversible 
antagonism studies in the rat femoral artery. 



Model 

Gero & 
Tall ar ida 

Waud 

Operat. 
Model 2 

James 

Furchgott 
Bursztyn 

TABLE 10 

pRA Values for RU 24969 vs EEDQ Studies 
in the Rabbit Femoral Artery 

Agonist Studies Partial Irr. Antagonist 

6.75.:!:. .01 

6.31 .:!:. .09 

6.58.:!:. .20 

6.60 .:!:. .33 

6.36 .:!:. .37 

Values are negative log means.:!:. s.e.m. 

For comparison, the pR i for RU 24969 against [3HJketanserin 
in the rabbit frontal cortex is 6.17 .:!:. .03. 

128 



Table 10 shows the results obtained from all five 

analysjs methods for calculating the dissociation constant 

for the partial agonist RU 24969 in the rabbit femoral 

artery. The functional study pRA values were compared to 

the pRi values for RU 24969 at the [3 H]ketanserin binding 

site in the frontal cortex of the rabbit. There was no 

significant difference between any of the groups. Of the 

partial irreversible antagonist methods the James model was 

the most unreliable for this study being unable to achieve 

convergence in 3 of 6 tissues while the Furchgott and 

Bursztyn method showed a nonlinear reciprocal plot in one 

case. The operational model 2 fitted the data from all 6 

tissues well and had the added bonus of a measure of 

efficacy (,) which appeared appropriate as compared to 

the , values calculated for 5-HT (which produced a greater 

Emax) in the same tissue. The mean, for 5-HT was 4.135 ~ 

0.139, and for RU 24969 was 1.047 ~ 0.123. 

Discussion 

In comparing the method of Waud (1969) to the method 

of Gero and Tallarida (1977) for calculating partial agonist 

dissociation constants it is important to realize that 

the method of Waud requires the additional assumption that 

the efficacy of the full agonist is much greater than that 

---- ---"---' 
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of the partial agonist. Another description of 

this requirement using the theory of receptor reserve, 

states that the full agonist used for comparison should 

produce its maximal effect with only a small proportion 

of the total possible receptors occupied. Therefore, 

before using the method of Waud, the receptor reserve for 

the full agonist should be determined using the 

method of partial irreversible antagonism. From the 

results of these studies presented in chapters 4 and 5, the 

rabbit femoral artery has been shown to have less than a 20 

percent receptor reserve for 5-HT agonism and the method of 

Waud should not be used. The method of Gero and 

Tallarida is a more appropriate choice as no assumption 

Tallarida 

for the 

therefore 

of efficacy is required. However, the Gero and 

method requires that the dissociation constant 

full agonist in the tissue be known and must 

be predetermined using, for 

irreversible blockade method. 

example, 

From the 

the part! al 

statistical 

comparisons of the dissociation constants in the blood 

vessel versus the CNS binding affinities, it is interesting 

that in spite of a difference in the assumptions for the two 

methods there was no difference in the two functional method 

results. Additionally, the pattern of 

difference from the CNS affinities shown 

similari ty or 

for affinities 

calculated by the method Gero and Tallarida presented in 

Chapter 4, is identical for the affinities calculated by the 

130 



method of Waud. The affinities for SN-3 and SN-18 are 

significantly different in the rabbit femoral artery from 

the eNS 5-HT2 site. 

The intention of the partial irreversible antagonism 

studies of serotonin in four vascular tissues was not an 

exhaustive review of the theory and premises of the various 

methods. The theories and derivations have been 

elegantly presented previously by the original authors. The 

approach of the endeavor was to use actual data to 

determine which method performs best under the 

experimental and tissue conditions for the vascular 

serotonin studies. The serotonin affinity in the examined 

vessels was to be used as a reference for the 

pharmacological characterization of novel compounds in 

these tissues. All three analysis methods are based on 

irreversible blockade of a proportion of the active 

receptors and are valid only under several assumptions 

common to all three methods. The Furchgott and Bursztyn 

method does not necessarily suffer from receptor theory 

assumptions (Kenakin 1987). However, the Furchgott and 

Bursztyn method reciprocal data transformations and linear 

regression suffers most from mathematical difficulties 

inherent in the data manipulations which give artificial 

weight to 

potential 

original data points having the greatest 

for error (Kenakin 1987). Although the 
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suggestions from 

error in this 

Kenakin (1987) for 

method were practiced 

minimizing 

(data from 

the 

q 

values between 0.1 and 0.5, and 

range) , 

selecting 

the standard 

equiactive 

error for data points in a certain 

the KA values calculated by this method were the largest 

of the 3 methods without exception. The standard errors 

for the KA values calculated by the James model and the 

operational models were very similar. Nonlinear curve 

fitting analyses suffer from the possibility of inaccurate 

outcomes from achieving convergence in local minima of 

algorithm 

(Motulsky 

with the 

iterations which are not the "true" minimum 

et al., 1987). The difficulty, associated 

initial estimates entered as the mathematical 

starting point, can be alleviated by running the analysis 

twice with initial estimates from the low and the high 

end of the possible range, or by using different 

algorithms. Both analyses should converge at close to the 

same result under normal circumstances. Aside from the 

minor iteration difficulty, both nonlinear models appear to 

have superior precision to the Furchgott and Bursztyn 

method. For the studies of 5-HT agonism, the James model 

appeared to be a better choice than the operational models 

as the James model appeared to be more flexible through a 

wide range of q values and overall was a more rapid 

analysis. 
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In comparing all 5 methods for calculating the 

dissociation constant for the partial agonist RU 24969 in 

the rabbit femoral, overall distinctions for the use of the 

various methods become more clear. Since none of the 

methods had statistically different results, the less 

extensive method of Gero and Tallarida is probably adequate 

to describe partial agonist affinity when there is a limited 

quantity of the drug and when the dissociation constant for 

the full agonist is known. Of the partial irreversible 

antagonist analysis models, the operational model 2 appeared 

to be superior with both flexibility and precision. The 

operational model has the added advantage, for comparisons 

of partial agonists, of providing a quantitative measure of 

partial agonist efficacy, the "transducer ratio" 'to 

In summary, five methods of calculating the 

dissociation constants for agonists and partial agonists 

were examined in these studies. The intent of the project 

was not to produce an exhaustive review of the theories and 

advantages behind the various methods, but to examine from a 

practical point of view how each performed analyzing 

functional data sets from serotonergic studies in arterial 

tissues. It was expected that the models which required 

linear transformations of data would be significantly worse 

than the other models due to inherent mathematical problems 
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involving error magnification. While these models had 

slightly larger standard errors of the means, the resulting 

significantly values were not statistically 

different from the nonlinear derived affinity estimates. 

The worst difficulty for the double reciprocal method of 

analyzing partial irreversible antagonist studies, was its 

lack of flexibility over a range of fractions of receptors 

remaining viable. Similarly, the James model could not 

achieve convergence for half of the data sets in the RU 

24969/EEDQ studies using our modified version of the model. 

The James model, from a practical point of view, was the 

superior model for the 5-HT/EEDQ studies. 

Therefore, from the examination of the 5 methods of 

calculating agonist KA values in serotonin studies in blood 

vessels the following is suggested: the method of Gero and 

Tallarida (1977) should be used for studies of partial 

agonist compounds with limited quantities available, and the 

operational model of Black et al. (1985) should be used 

when more extensive study or comparison of efficacies are 

required. 

method of 

James et 

For the study of full agonists 

partial irreversible antagonism, the 

a!. (1989) is efficient, reliable and 

using the 

method of 

flexible. 

The finding that none of the methods produced results' that 

were statistically different from one another suggests that 

the method of analysis Is less important than 
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careful experimental technique to produce an optimal 

percent of receptor inactivation in irreversible blockade 

methods and complete dose-response curves in simple 

partial agonist studies. 



CHAPTER 7. SUMMARY 

The focus of the dissertation has been to characterize 

the vascular serotonin receptors in several arterial tissues 

and to develop reliable functional assays for the 5-HT 1A and 

5-HT2 receptor subtypes in vascular tissues. From previous 

studies by others the 5-HT stimulation of contraction in the 

canine basilar artery was thought to be exploitable as a 5-

HT1A receptor functional assay. 

receptor was thought to be 

Further, the vascular 5-HT 2 

homogeneous throughout the 

peripheral major arteries and a peripheral artery could be 

chosen as a 5-HT 2 assay based on convenience and preference 

for laboratory animal species. 

In Chapter 

were described 

2, the vascular methodologies developed 

in detail as well as the characterization 

studies of the cerebral vessels. The existence of 

contraction initiating receptors in arterial 

tissue is the subject of much controversy in the serotonin 

field. Indeed, the presence of 5-HT 1A receptors in the 

canine basilar artery shown by others (Peroutka et al., 

1986; Taylor et al., 1986), could not be confirmed by the 

author. Newer evidence suggests the receptor of the 5-HT 1 

class 

receptor 

---- ------ --- - --- - ----- --

in the cerebral circulation is 

(Saxena and Ferrari, 1989). 

not the 5-HT 1A 

The development of 
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a vascular 5-HT 1A receptor assay was therefore abandoned 

in favor of developing a vascular 5-HT 2 receptor assay. 

By definition, the ketanserin binding site in the rat 

frontal cortex is the 5-HT 2 receptor in the CNS. The 

development of the rat aorta as a 5-HT 2 receptor assay 

was discussed in Chapter 3. Antagonist dissociation 

constants in the rat aorta correlated highly to the 

dissociation constants for the same compounds at the 

[3 H]ketanserin binding site in the rat frontal cortex. 

From the early studies showing remarkable similarity to the 

CNS 5-HT 2 receptor, the rat aorta was thought to be a simple 

and reliable assay for functional 5-HT 2 receptor activity. 

In Chapter 4 the rabbit femoral artery, thought 

to contain 5-HT 2 receptors from the literature, was compared 

to the rat aorta as a functional 5-HT 2 receptor

containing tissue in an attempt to choose the optimal tissue 

as a 5-HT 2 receptor assay. Surprisingly, although the 

rabbit femoral artery appeared to contain a functional, 

contraction-associated 5-HT 2 -like receptor, the receptor 

was shown to be similar but not identical to either the rat 

aorta receptor or the (3 H]ketanserin binding site in the 

CNS. The data presented in Chapter 4 was, perhaps the 

best evidence yet for vascular 5-HT 2 receptor heterogeneity. 
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The question then arose whether the receptor studied 

in the rabbit femoral artery was peculiar to the 

rabbit arterial system as a whole or to only the femoral 

artery. In Chapter 5, the rabbit aorta and the rat femoral 

arteries were studied to determine if there were species 

differences or vascular bed differences in the 5-HT 2 

vascular receptor. The conclusions of this chapter 

suggest that there may be four parameters affecting the 

5-HT 2 receptors in these four tissues. These parameters 

are: 1) a possible species difference in vascular 

receptor; 2) the possible existence of an allosteric 

regulation site on the rat aorta 5-HT 2 receptor; 3) 

heterogeneity of 5-HT 2 receptor affinities; and 4 ) 

vascular bed differences. 

Chapter 6 addresses the practical, experimental 

problem of choosing a method to calculate agonist and 

partial agonist dissociation constants for comparison to 

binding assay results. Two non-linear models, that of 

James et a!. (1989), and that of Black et al. (1985) were 

compared to the more classic techniques of Furchgott and 

Bursztyn (1967) , and, for one partial agonist, to the 

partial agonist to full agonist curve comparisons of Waud 

(1969) and Gero and Tallarida (1977). The James model 
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appears to be the most 

full agonists in the 

reliable 

partial 

model for 

irreversible 

analyzing 

blockade 

protocol of Furchgott and Bursztyn (1967). The model of 

Black et al. appears most useful for partial agonist 

studies and provides a quantitative measure of 

efficacy. The less time consuming method of Gero and 

Tallarida, 

assumptions, 

significantly 

which does not make efficacy comparison 

gives results that did not differ 

from the method of Black. The Gero and 

Tallarida method has the advantage of saving time and using 

minimal quantities of test compounds while providing 

reasonably accurate estimates of partial agonist affinities 

(with novel compounds of limited available quantity), if a 

measure of efficacy is not required. 

Although serotonin has a long history of 

implicated in normal functions and disease states, 

being 

only 

recently have selective enough 5-HT compounds been developed 

to show promise for clinical studies. As examples: 5-HT 1A 

partial agonist compounds in clinical trials have shown 

positive effects in the treatment of anxiety. 5-HT 3 

receptors have shown clinical activity in preventing cancer 

chemotherapy-induced emesis and may be of use in 

inflammatory or vascular pain (Peroutka, 1988b; Giordano and 

Rogers, 1989). Serotonin has been implicated in 

hypertension, vasospasm, Raynaud's phenomenon, and migraine. 
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However, the vascular 5-HT receptors involved in these, as 

definitively characterized. In this dissertation vascular 

5-HT receptors were characterized to determine the nature 

and classification of contraction-associated 5-HT receptors 

in several arteries. The major finding of the dissertation 

was the indication that earlier suggestions of a single 

vascular 5-HT2 (contraction-associated, peripheral) receptor 

may be overly simplistic. Examination of several 5-HT 2 

receptor containing peripheral arteries in two species 

showed that the response to ~everal 5-HT compounds were not 

consistent between any two tissues. Thus, there appears to 

be pharmacological heterogeneity in vascular 5-HT 2 response. 

Although the research in this dissertation presents 

good evidence for the heterogeneity of vascular 5-HT 2 

receptors, it is difficult to say unequivocally 

apparent heterogeneity results from different 

that the 

5-HT 2-like 

receptor proteins. The list of examined compounds in these 

studies is relatively short and no compound which apparently 

separates the receptors had an affinity difference of more 

than one order of magnitude between preparations. To show 

that true 5-HT 2 -1ike receptors exist in the vasculature, 

more compounds should be examined in the various tissues to 

provide an extensive "fingerprint" of the receptor affinity 

profiles. Examination of novel compounds should be targeted 
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especially, as several of the well-known 5-HT 2 compounds do 

not discriminate between the possible 5-HT 2 receptor 

subtypes. Indeed, there are few compounds known which 

separate the 5-HT 2 and the 5-HT 1C receptors. Further 

examination of the molecular structures of 5-HT 2 proteins 

from various tissue sources will assist in answering the 

pharmacological questions. Development of subtype selective 

compounds may lead to definitive characterization of the 5-

HT2 and the other 5-HT receptor classes, and to a greater 

understanding of the involvement of 5-HT in 

physiology and pathophysiology. 

vascular 
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APPENDIX 1. AUTORADIOGRAPHY 

Introduction 

In Chapter 4, evidence was presented that the 5-HT 2 

receptors in the rat aorta and the rabbit femoral artery 

were not identical. These receptors showed some 

pharmacological distinctions using both partial agonists and 

antagonists, as well other differences such as rapid 

1n the rat aorta and no desensitization 

desensitization in the rabbit femoral artery. 

detectabie 

Owing to 

the different roles for the femoral artery and the aorta and 

the lack of innervation of the rat aorta, speculation on a 

possible difference in the physiological roles for the two 

proposed subtypes of the 5-HT 2 receptor suggested a 

possible anatomical basis for the pharmacological 

differences. Differential anatomical distribution of 

alpha adrenoceptor subtypes in blood vessels has been 

shown by Ruffolo et al. ( 1982 ) . Autoradiography of 

vascular tissue has been a tool for examining the 

distribution of beta receptors, substance p receptors and 

muscarinic receptors in the wall of blood vessels (Lipe and 

Summers, 1986; Stephenson et al., 1988). The distribution 

of serotonin receptors in blood vessels has been poorly 

studied autoradiographlcally with only a few examples of 

serotonin autoradiography in cerebral vessels (Peroutka and 

Kuhar, 1984; Edvinsson et al., 1984), and none that could 

142 



found in the literature for peripheral blood vessels. 

[3 H]Ketanserin has been used to show the distribution 

of 5-HT 2 

( Snowhill 

receptors in CNS tissues using autoradiography 

and Wamsley, 1983) . Since non-radioactive 

ketanserin did not discriminate between the receptors 

in the rat aorta and the rabbit femoral artery, and being 

an antagonist would not have the 

binding, [3 H]ketanserin was chosen 

problems of 

as initial 

agonist 

trial 

ligand for the studies. As was discussed in Chapter I, 

5-HT 2 receptors are thought to be located on the smooth 

muscle cells. The hypothesis for this study was that, 

because of a probable difference in physiological 

demand on the two vessels, the 5-HT 2 receptors would have 

different distributions in the vessel wall. 

Methods 

Chemicals 

5-Hydroxytryptamine sulfate complex, pargyline HCI, and 

cocaine HCI were purchased from Sigma Chemical Company, (St. 

Louis, MO). Prazosin HCI was generously donated by Pfizer 

(Groton, CN). [3 H]Ketanserin was purchased from New England 

Nuclear Corporation (Boston, MA). Kodak NTB3 ultrasensitive 

photographic emulsion was purchased from Eastman Kodak Co. 

(Roches ter, NY). 
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Tissue Preparation 

Vascular tissues were dissected from the animals in a 

procedure identical to those used for the functional 

studies. The vessels were cleaned of advent! tia in 

modified Krebs', as for the functional studies, leaving a 

small clump of adventitia on one end of the dissected 

vessel as the distal anatomical marker. The 

dissected vessels were flushed of remaining blood with 

modified Krebs' to prevent ketanserin binding to blood 

cells. The vessels were cut and oriented in plastic 

cryomolds for sectioning. Cross-section blocks 

millimeter 

cryomolds, 

vessel sections oriented on end 

and the longitudinal blocks had 

had 3 

in the 

vessel 

sections of no longer than 1 centimeter laid flat in the 

mold. The cryomolds containing tissue were filled with OCT 

embedding compound and frozen in isopentane cooled to near 

the solidifying temperature for isopentane by immersion of 

the container in liquid nitrogen. The frozen OCT blocks 

were kept at -70 0 C until sectioning. 

Sectioning 

The frozen blood vessels were sectioned using a Cryocut 

microtome/freezer at -18 0 C. The thickness setting was 8 

microns. Sections were thaw mounted on to glass slides 
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pre coated with a subbing mixture of chrome alum and gelatin. 

Sli des were refrozen and stored at normal freezer 

temperature 

study. 

(approximately -5 to -10 0 C) until the binding 

Autoradiography Binding 

The method of Kuhar (Kuhar, 1985) for 

emulsion-coated coverslip autoradiographic procedures 

and emulsion apposition was used, since the expected 

number of 5-HT2 receptors present in the blood vessels 

was too low to make the sheet utrafilm apposition technique 

(used in neurological studies) practical. 

slide binding was carried out using 

twice the· concentration 

1 x 

[3 H]Ketanserin 

approximately 

radiolabeled 

M prazosin ketanserin in Tris buffer with 

1 x 10- 5 M pargyline to mimic the vascular studies. 

determination of non-specific binding either 1 x 10-5 M 

and 

For 

5-

HT or 1 x10- 6 M methysergide was added to separate binding 

vessels. The slides were incubated with the radiolabeled 

ketanserin (totals and non-specifics) or no Ketanserin 

(blanks) for 1 hour at room temperature. Two washes of 

2.5 minutes each in ice cold Tris buffer and a brief dip 

in ice cold deionized water were followed by drying 

with a stream of cold dry air as outlined by Kuhar (1985). 

The dried slides were placed in slide boxes, 

145 



containing dessicant, overnight before emulsion-coated 

coverslips were glued (using super glue) to the slides under 

red light. The covers lips had been coated and dried 

previously with either straight NTB3 Kodak emulsion or a 

mixture of 1:1 emulsion to deionized, filtered water. The 

slides, with attached coverslips, were placed in light-tight 

X-ray cassettes and stored refrigerated during emulsion 

exposure, 

Coverslip Development and Tissue Staining 

At the end of the exposure period, the 

autoradiograms were removed from the X-ray cassettes under 

red light. The unglued end of the coverslips were 

propped away from the slides using flat toothpicks. 

Great care must be taken at this step not to scratch the 

emulsion with the toothpick as dark lines will result. 

The coverslips were developed according to the emulsion 

manufacturers suggestions using a development time of 4 

minutes with Kodak D-19 developer, followed by 5 minute 

fixation and 5 minute wash. The tissues were then 

stained with methylene blue and dehydrated with ethanol 

and xylene according to methods outlined by Sheehan and 

Hrapchak (1973). After drying overnight, the toothpicks 

were removed and the coverslips mounted in 

Permount (Fisher Scientific). 

place with 
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Results 

Direct counts of the contents of the Copeland jars used 

in the binding studies indicate the mean concentration of 

[3 H]ketanserin was 1.13 ~ 0.06 nM. 

From examining the autoradiograms and counting 

the silver grains after 2 and 4 months of exposure, there 

was no significant difference between the totals and the 

nonspecifics in any tissue. Indeed, specific grain 

localization over the tissue was questionable. Therefore, 

the autoradiograms are not presented in the dissertation. 

Discussion 

The results from the [3 H]ketanserin 

study were disappointing. There are several 

for the lack of specific localization. 

autoradiography 

possibilities 

Usually, with 

tissues such brain (which has a high concentration of 

receptors), the tJssue sections can be wiped from the slide 

and counted in a scintillation counter to optimize the 

parameters for the binding assay such as incubation time, 

ligand concentration etc. before committing to the long 

exposures required for tritiated ligands. Unfortunately, 
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the receptor numbers in blood vessel sections are too low 

such that prior optimization is not possible, and therefore 

the parameters were chosen as educated guesses from other 

[3 H]ketanserin autoradiography studies in rat brain tissues. 

The ligand concentrations and other conditions may not have 

been optimal for the vascular tissues. If an iodonated 

ligand 

time) 

with higher energy (and therefore 

could be used, alterations in 

shorter exposure 

protocol for 

optimization could be accomplished more efficiently. Since 

the background counts were relatively large, it is also 

possible that [3H]ketanserin is not a good ligand to use in 

the emulsion- coated coverslip method. [3 H]Ketanserin is 

well known to adhere to glass and it may be that residual 

ketanserin sticking to the glass slide is responsible for 

the high backgrounds. 

Although, the study was unsuccessful in demonstrating 

specific localization, the technique for sectioning blood 

vessels was developed, and the parameters for the binding 

assay will provide a starting point for future attempts. 

The use of an iodinated ligand may provide more satisfactory 

results. 

several 

Alternatively, now that the protein sequences of 

5-HT receptor subtypes are known, in situ 

hybridization technique could be successful. 
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APPENDIX II. 

ENDOTHELIAL RELAXATION STUDIES 

Introduction 

The proposed existence of 5-HT1-like receptors on the 

vascular endothelium was discussed in Chapter 1. These 

endothelial receptors have been associated with both 

contraction and relaxation of blood vessels which can be 

abolished by rubbing the vessel to damage the endothelium 

(Furchgott, 1963). The studies of 5-HT-elicited 

contraction 

work were 

endothelial 

of isolated blood vessels in the dissertation 

thought to be essentially devoid 

cell response interference. As described 

of 

in 

Chapter 2, the vessels for study were threaded on 

stainless steel rods to aid in adventitia removal and 

to destroy the endothelium. 

suggested that endothelial 

Since Paul 

responses were 

Vanhoutte 

extremely 

fragile (personal communication), the was a fair degree of 

confidence in the probable lack of interference of the 

endothelium in the results of the dissertation studies. 

However, for completeness, endothelial relaxation studies 

were under taken using acetylcholine, carbachol (well known 

to produce vascular relaxation via an intact endothelium 

Furchgott and Owman, 1969), 8-0H-DPAT and serotonin itself. 

149 



Methods 

Chemicals 

5-Hydroxytryptamine, carbachol and acetylcholine were 

obtained from Sigma Chemical Co. (st. Louis, MO). 8-0H-DPAT 

was obtained from RBI Inc., Natick, MA. 

Vascular Studies 

Dissection, mounting in tissue baths, and resting 

tensions, of the canine basilar artery, rabbit femoral 

artery, and aorta were done as described in previous 

chapters. The tissues were precontracted with 100 mM or 50 

mM KCl (rabbit vessels) or 30 pM norepinephrine (canine 

basilar) and allowed to stabilize. Cumulative dose-response 

curves of either 5-HT or acetylcholine (ACh) were added to 

the contracted tissues. Relaxation was expressed as the 

distance downward that the pen traveled in mm from 

the stable contraction, divided by the total mm of 

contraction multiplied by 100. 

Results 

In the norepinephrine contracted canine basilar the 

addition of ACh produced either no change in tension or 
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small contractions of 100 mg tension maximum (data not 

shown) . 

In the potassium contracted rabbit femoral artery 

carbachol produced small contractions at low doses and 

strong relaxations at higher doses (Figure 24 A). The 

carbachol response did not desensitize when the contraction 

relaxation procedure was repeated after a 45 minute wash 

period (Figure 24 B). In the rabbit aorta, 

produced only relaxation (Figure 24 A). 

carbachol 

Serotonin and 8-0H-DPAT produced only mild contraction 

of the potassium contracted rabbit aorta and femoral artery. 

In the same tissue, a single dose of carbachol (10 pM) at 

the ends of the 5-HT and DPAT curves produced significant 

relaxation. (Figure 25) 

Discussion 

The acetylcholine contractions in the canine basilar 

artery have been shown by others as indicative of the 

successful removal of the endothelium (Furchgott,1983), 

therefore for it was surprising that, using the same 

tissue handling techniques, that carbachol produced strong 
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relaxations in the rabbit vessels. Further review of 

the literature suggests that carbachol relaxation of blood 

vessels are less subject to endothelial damage than other 

relaxants such as substance P (Bolton and Clapp, 1986) . 

Indeed, recent autoradiographic studies suggest that there 

are no muscarinic receptors on vascular endothelium as 

previously proposed (Stephenson et a1., 1988). Thus, due 

to the current confusion, 

not be a good indicator 

the carbachol relaxations 

of endothelial integrity. 

significant to the serotonergic studies with 

may 

More 

these 

vessels was the finding that no relaxation to 5-HT or 

8-0H DPAT occurred in these contracted tissues. These 

findings may support the lack of endothelial relaxation 

interference in the present 5-HT contraction studies, 

but endothelium-dependent contraction responses cannot be 

entirely ruled out. 
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APPENDIX III. 

PROTOCOL FOR [3 H]RETANSERIN BINDING ASSAYS 

From Taylor et al. 1986: modified from Leysen et al. 1981. 

Animals were killed by either CO 2 asphyxiation (rats 

and rabbits) or I.V. overdose of pentobarbital Na (rabbits 

prior to decapitation. The brains were removed and cooled 

in ice-cold saline before dissection over ice. The front 

third of the cerebral cortex was dissected (see Figure 26) 

and weighed prior to homogenizing in 10 volumes of ice-cold 

0.25 M sucrose. with a Teflon-glass homogenizer. The tissue 

suspension was centrifuged at 1.100 x g for 10 minutes. 

whereupon the supernatant was drawn off and conserved. and 

the pellet was rehomogenized in 10 volumes of sucrose. The 

second tissue suspension was centrifuged as the first. 

and the resulting supernatant added to the supernatant from 

the first centrifugation. The pellets were discarded. and 

the combined supernatants were diluted with Tris buffer (50 

mM. pH 7.6) to 1:80. weight to volume based on the original 

wet weight of dissected tissue. The suspension was gently 

mixed by hand prior to being centrifuged at 48.000 x g 

for 10 minutes. The pellet was resuspended with the same 

volume of Tris as above and centrifuged again at 48.000 x 

g for 10 minutes. The final pellet was suspended in Tris 

buffer (50 mM. pH 7.4) to a final tissue concentration of 
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approximately 5 

mill U1ter. 

mg tissue (original wet weight) per 

and Polypropylene assay tubes 

polyethyleneimine-treated (soaked in a 0.1% solution for 2 

hours and dried) Whatman GF/B filters were used to 

eliminate binding of the radiolabeled ketanserin to other 

than the suspended membranes. 

0.9 ml Tris binding buffer 

Each assay tube contained 

containing [3 H]ketanserin 

(for a final concentration of approximately 0.5 nM), 0.1 ml 

of inhibitor drug concentration (for competition 

studies), 

incubated 

and 1 ml of tissue 

for 15 minutes at 37 0 

suspension. 

C and then 

Tubes were 

immediately 

filtered using a Brandel 24 well cell harvester over pre

cooled filters. Assay tubes were washed twice with ice-cold 

phosphate buffer after the initial filtration. Non-specific 

binding was defined using 1 pM methysergide. Free ligand 

concentration was determined by setting up assay tubes 

as for total binding (the 0.1 ml inhibitor drug was 

deionized water) and incubated as the assay tubes. Rather 

than being filtered, these tubes were then centrifuged at 

2,000 x g for 15 minutes and 0.05 ml was withdrawn from 

the supernatant and placed in a scintillation vial 

containing scintillation cocktail for counting. Individual 

filters for the assay were dried in scintillation vials 

overnight or in 20 0 C oven for 15 minutes before 

scintillation fluid was added. 
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RAT 

RABBIT 

Figure 24. Diagram of portion of frontal cortices from the 
rat and rabbit used in the 5-HT 2 binding assays. 
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APPENDIX IV. 

LINEAR REGRESSION OF RAT AORTA AFFINITES TO RAT eNS 5-HT 2 
BINDING AFFINITIES 
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Figure 25. Linear regression of negative log affinities 
for all drugs examined in the rat aorta versus the negatIve 
log affinities in the [3HJketanserin binding assays. 

158 



REFERENCES 

Battaglia G., Norman A. B., Newton P. L., and Creese I. 
(1986) In vitro and in vivo irreversible blockade of 
cortical S2 serotonin receptors by 
N-ethoxycarbonyl-2-ethoxy-1,2-dihydroquinoline: a technique 
for investigation S2 serotonin receptor recovery. J 
Neurochem 46, 589-593. 

Bennett, J. P., and Snyder, S. H. (1976) Serotonin and 
lysergic acid diethylamide binding to rat brain membranes: 
relationship to postsynaptic serotonin receptors. Mol 
Pharmacol 12, 373-389. 

Boakes, R.J., Bradley, P.B., Briggs, I. and Dray, A. (1970) 
Antagonism of 5-hydroxytryptamine by LSD 25 in the central 
nervous system: a possible neuronal basis for the actions of 
LSD 25. Br J Pharmacol 40, 202-218. 

Brodie, T.G. (1900-01) The immediate action of an 
intravenous injection of blood serum. J Physiol 26, 48-71. 

Black J. W., P. L., Shankley N. P., and Wood J. (1985) An 
operational model of pharmacological agonlsm: the effect of 
E/[A] curve shape on agonist dissociation constant 
estimation. Br J Pharmacol 84, 561-571. 

Blackburn T. P., Thornber C. W., Pearce R. J., and Cox B. 
(1988) In vitro studies with ICI 169,369, a chemically novel 
5-HT antagonist. Eur J Pharmacol 150, 247-256. 

Bolton T. B., and Clapp L. H. (1986) Endothelial-dependent 
relaxant actions of carbachol and sUbstance P in arterial 
smooth muscle. Br J Pharmacol 87, 713-723. 

Bradley P. B., Engel G., Fenuik W., Fozard J. R., Humphrey 
P. P. A., Middlemiss D. N., Mylecharane E. J., Richardson B. 
P., and Saxena P. R. (1986a) Proposals for the 
classification and nomenclature of functional receptors for 
5-hydroxytryptamine. Neuropharmacol 25, 563-576. 

Bradley P. B., Humphrey P. P., and Williams R. H. (1986b) 
Evidence for the existence of 5-hydroxytryptamine receptors, 
which are not of the 5-HT2 type, mediating contraction of 
rabbit isolated basilar artery. Br J Pharmacol 87, 3-4. 

Chang J. Y., and Owman C. (1989a) Serotonin potentiates 
noradrenaline-induced vasoconstriction through 5-HT1-type 
receptors in guinea pig basilar. J Cereb Blood Flow 9, 713-
716. 

----_._. "'--" 

159 



Chang H. J.-. and Owman C. (198gb) Cerebrovascular 
serotonergic receptors mediating vasoconstriction: Further 
evidence for the existence of 5-HT2 receptors in rat and 5-
HTI-like receptors in guinea pig basilar arteries. Acta 
Physiol Scand 136. 59-67. 

Cheng Y., and Prusoff W. H. 
inhibition constant (Ki) 
inhibitor that causes a 50% 
reaction. Biochem Pharmacol 

(1973) Relationship between the 
and the concentration of an 
inhibition (150) of an enzymatic 
22. 3099-3108. 

Cohen M. L. (1988) Serotonin receptors in vascular smooth 
muscle. in The Serotonin Receptors (Sander-Bush E .• ed). pp. 
295-318. The Humana Press, Clifton. NJ. 

Cohen M. L .. Fuller R. W .. and Wiley K. S. (1981) Evidence 
for 5-HT2 receptors mediating contraction in vascular smooth 
muscle. J Pharmacol Exp Ther 218. 421-425. 

Cohen R. A. (1986) Contractions of isolated canine coronary 
arteries resistant to S2-serotonergic blockade. J Pharmacol 
Exp Ther 237. 548-552. 

Cornfield L. J .• Nelson D. L .• Monroe P. J .• Taylor E. W .• 
and Nikam S. S. (1988) Use of forskolin stimulated adenylate 
cyclase in rat hippocampus as a screen for compounds that 
act through 5-HTIA receptors. Proc West Pharmacol Soc 31. 
265-267. 

Dumuis A •• Bouhelal R .• Sebben M •• Cory R .• and Bockaert J. 
(1988) A nonclassical 5-hydroxytryptamine receptor 
positively coupled with cyclase in the central nervous 
system. Mol Pharmacol 34. 880-887. 

Edvinsson L .. Birath E .• Uddman R .• Lee T. J.-F .• Duverger 
D.. MacKenzie E. T .• and Scat ton B. (1984) Indoleaminergic 
mechanisms in brain vessels; localization. concentration. 
uptake and in vitro responses of 5-hydroxytryptamine. Acta 
Physiol Scand 121. 291-299. 

Edvinsson L. • Hardebo J. E;. and Owman 
Pharmacological analysis of 5-hydroxytryptamine 
isolated intracranial and extracranial vessels 
man. Circ Res 42. 143-151. 

C. (1978) 
receptors in 
of cat and 

Erspamer V. (1966) Peripheral physiological and 
pharmacological actions of indolealkylamines. in Handbook of 
Experimental Pharmacology (Erspamer V .• ed). Vol. 14. pp. 
245-359. Springer-Verlag. New York. 

160 



Erspamer V., and Asero B. (1952) The identification of 
enteramine, the specific hormone of the enterochromaffin 
cell system, as 5-hydroxytryptamine. Nature 169, 800-801. 

Fargin, A., Raymind, J.R, Lohse, M.J., Kobilka, B.K., Caron, 
M.G., and Lefkowitz, R.J. (1988) The genomic clone G-21 
which resembles a beta-adrenergic receptor sequence encodes 
the 5-HTIA receptor. Nature 335, 358-360. 

Fenuik W., Humphrey P. P. A., and Watts A. D. 
Hydroxytryptamine-induced relaxation of isolated 
smooth muscle. Eur J Pharmacol 96, 71-78. 

(1983) 5-
mammalian 

Frenken M., and Kaumann A. J. (1987) Allosteric properties 
of the 5-HT2 receptor system of the rat tail artery. 
Ritanserin and methysergide are not competitive 5-HT2 
receptor antagonists but allosteric modulators. Naunyn 
Schmiedebergs Arch Pharmacol 335, 359-366. 

Frenken 
mediated 
coronary 
484-492. 

M., and Kaumann A. J. (1988) Effects of tryptamine 
through 2 states of the 5-HT2 receptor in calf 
artery. Naunyn Schmiedebergs Arch Pharmacol 337, 

Fukuda S., Su C., and Lee T. J.-F. (1986) Mechanisms of 
extraneuronal serotonin uptake in the rat aorta. J Pharmacol 
Exp Ther 239, 264-269. 

Furchgott R. A., and Bursztyn P. (1967) Comparison of 
dissociation constants and of relative efficacies of 
selected agonists acting at parasympathetic receptors. Ann N 
Y Acad Sci 144, 882-899. 

Furchgott R. F. (1955) Dibenamine blockade 
rabbit aorta and its use in differentiating 
Pharmacol Exp Ther 111, 265-284. 

in strips 
receptors. 

of 
J 

Furchgott R. F. (1983) Role of endothelium in responses of 
vascular smooth muscle. Circ Res 53, 557-573. 

Gaddum J. H. (1937) The quantitative effects of antagonist 
drugs. J Physiol (Land.) 89, 7P-9P. 

Gaddum J. H., and Picarelli Z. P. (1957) Two kinds of 
tryptamine receptor. Br J Pharmacal 12, 323-328. 

Gero A., and Tallarida R. J. (1977) Use of the biological 
stimulus in determining parameters of drug action, and its 
relationship to the drug effect: a contribution to the 
theory of drug action. J TheaI' BioI 69, 265-274. 

161 



Giordano, J. and Rogers, L. (1989) Peripherally administered 
serotonin 5-HT3 receptor antagonists reduce inflammatory 
pain in rats. Eur J Pharmacol 170, 83-86. 

Haigler, H.J. and Aghajanian, G.K. (1974) Preferential 
serotonin antagonists: Failure to antagonize serotonin in 
brain areas receiving a prominent serotonergic input. J 
Neural Trans 35, 257-273. 

Hartig P. R. (1989) Molecular biology of 5-HT receptors. 
TIPS 10, 64-69. 

Hooker C. S., Calkins P. J., and Fleisch J. H. (lS77) On the 
measurement of vascular and respiratory smooth muscle 
responses in vitro. Blood Vessels 14, 1-11. 

Houston D. S., and Vanhoutte P. M. (1986) Serotonin and the 
vascular system; role in health and disease, and 
implications for therapy. Drugs 31, 149-163. 

Houston D. S., and Vanhoutte P. M. (1988) Comparison of 
serotonergic receptor subtypes on the smooth muscle and 
endothelium of the canine coronary artery. J Pharmacol Exp 
Ther 244, 1-10. 

Hoyer, D., Engel, G., Kalkman, H.O. (1985) Molecular 
pharmacology of 5-HTl and 5-HT2 recognition sites in rat and 
pig brain membranes: radioligand binding studies with 
[3H]5-HT, [3H]8-0H-DPAT, (-)[125I]iodocyanopindolol, 
[3H]mesulergine and [3H]ketanserin. Eur J Pharmacol 118, 
13-23. 

James M. K., Morgan P. H., and Leighton H. J. (1989) A new 
method for estimation of agonist dissociation constants 
(Ka): directly fitting the postinactivation concentration
response curve to a nested hyperbolic equation. J Pharmacol 
Exp Ther 249, 61-69. 

Kaumann A. J., and Frenken M. (1985) A paradox: the 5-HT2-
receptor antagonist ketanserin restores the 5-HT-induced 
contraction depressed by methysergide in large coronary 
arteries of calf. Allosteric regulation of 5-HT2-receptors. 
Naunyn Schmiedeberg's Arch Pharmacol 328, 295-300. 

Kenakin T. P. (1984) The classification of drugs and drug 
receptors in isolated tissues. Pharmacol Rev 36, 165-222. 

Kenakin T. P. (1986) Receptor reserve as a tissue misnomer. 
TIPS 93-95. 

162 



Kenakin T. P. (1987) Agonist Affinity, in Pharmacologic 
Analysis of Drug-Receptor Interaction pp. 163-182. Raven 
Press, New York, NY. 

Killam A. L., Nelson D. L., Nikam S. S., Taylor E. W., and 
Martin A. R. (1988) A comparison of putative 5-HT2 receptors 
in two different arterial tissues. Proc West Pharmacol Soc 
31, 95-97. 

Kobilka, 
Kobilka, 
(1987) An 
family of 
proteins. 

B.K., Frielle, T., Collins, S., Yang-Fang, T., 
T.S., Francke, U., Lefkowitz, R.J., Caron, M.G. 
intronless gene encoding a potential member of the 
receptors coupled to guanine nucleotide regulatory 
Nature 329, 75-79. 

Krishnamurty V. S. (1971) Receptors for sympathomimetic 
amines and 5-hydroxytryptamine in the rat aorta. Arch Int 
Pharmacodyn Ther 189, 90-99. 

Kuhar M. J. (1985) Receptor localization with the 
microscope, in Neurotransmitter Receptor Binding, 2nd 
edition (Yamamura H. I., ed), pp. 153-176. Raven Press, New 
York, NY. 

Leff P., and Martin G. R. (1986) Peripheral 5-HT2-like 
receptors. Can they be classified with the available 
antagonists? Br J Pharmacol 88, 585-593. 

Leff P., and Martin G. R. (1988) Differences in <!~onist 
dissociation constant estimates for 5-HT at 5-HT2-receptors: 
a problem of acute desensitization? Br J Pharmacol 95, 
569-577. 

Leff P., Martin 
classification of 
tryptamine agonist 
89, 493-499. 

G. R., and Morse J. M. (1986) The 
peripheral 5-HT2-like receptors using 

and antagonist analogues. Br J Pharmacol 

Leff P., Martin G. R., and Morse J. M. (1987) Differential 
classification of vascular smooth muscle and endothelial 
cell 5-HT receptors by use of tryptamine analogues. Br J 
Pharmacol 91, 321-331. 

Leysen J. E., Niemegeers C. J. E., Van Nueten V., 
Laduron P. M. (1981) [3H]Ketanserin (R 41 468), a 
3H-ligand for serotonin2 receptor binding sites. 
21, 301-314. 

M. J., and 
selective 

Mol Pharm 

Limbird L. E. (1986) Cell Surface Receptors: A Short Course 
on Theory and Methods. Martinus Nijhoff Publishing, Boston, 
MA. 

163 



Lipe S., and Summers R. J. (1986) Autoradiographic analysis 
of the distribution of beta-adrenoceptors in the dog splenic 
vasculature. Br J Pharmacol 87, 603-609. 

Motulsky, H.J. and Ransnas, L. A. (1987) Fitting curves to 
data using nonlinear regression: a practical and 
nonmathmatical review. FASEB J 1, 365-374. 

Miiller-Schweini tzer E., and Engel G. (1983) Evidence for 
mediation by 5-HT2 receptors of 5-hydroxytryptamine-induced 
contraction of canine basilar artery. Naunyn Schmiedebergs 
Arch Pharmacol 324, 287-292. 

Nelson, D. L.. Week. B. and Taylor. E.W., (1983) 
Discrimination of heterogeneous serotonin1 receptors by 
indolealkylamines. in CNS Receptors- From Molecular 
Pharmacology to Behavior. (De Feudis, F.V. and Mandel. P. 
eds.). Raven Press, New York. 

Nelson D. L., and Taylor E. W. (1986) Spiroxatrine: a 
selective serotonin1A receptor antagonist. Eur J Pharmacol 
124, 207-208. 

Nikam S. S., Martin A. R., and Nelson D. L. (1988) 
Serotonergic properties of spiroxatrine enantiomers. J Med 
Chem 31, 1965-1968. 

Northover A. M., and Northover B. J. (1969) The effects of 
histamine, 5-hydroxytryptamine and bradykinin on rat 
mesenteric blood vessels. J Pathol 98, 265-275. 

Offermeier J .. and Ariens E. J. (1966) Serotonin. I. 
Receptors involved in its action. Arch int Pharmacodyn 164, 
192-215. 

Page I. H. (1968) Serotonin, in Serotonin. Year Book Medical 
Publishers, Inc., Chicago. 

Pazos, A .. Hoyer, D., and Palacios, J.M. (1984) The binding 
of serotonergic ligands to the porcine choroid plexus, 
characterization of a new type of serotonin recognition 
site. Eur JPharmacol 106, 539-546. 

Peroutka S., Hamik A., Harrington M. A., Hoffman A. J., 
Mathis C. A., Pierce P. A., and Wang S. S.-H. (1988) (R)-(
)[77Br]4-Bromo-2,3-dimethoxyamphetamine labels a novel 5-
hydroxytryptamine binding site in brain membranes. Mol 
Pharmacol 34. 537-542. 

164 



Peroutka S. J. (1988a) 5-Hydroxytryptamine receptor 
subtypes. Ann Rev Neurosci II, 45-60. 

Peroutka, S.J. (1988b) 5-Hydroxytryptamine receptor 
subtypes: molecular, biochemical, and physiological 
characterization. TINS 11, 496-500. 

Peroutka S. J., Huang S., and Allen G. S. (1986) 
basilar artery contractions mediated by 
hydroxytryptaminelA receptors. J Pharmacol Exp Ther 
901-906. 

Canine 
5-

237, 

Peroutka S. J., and Ruhar M. J. (1984) Autoradiographic 
localization of 5-HT1 receptors to human and canine basilar 
arteries. Brain Res 310, 193-196. 

Peroutka S. J., and Snyder S. H. (1981) Two 
serotonin receptors: regional variation in receptor 
in mammalian brain. Brain Res 208, 339-347. 

distinct 
binding 

Purdy R. E., Murray D. L., and Stupecky G. L. (1987) 
Receptors for 5-hydroxytryptamine in rabbit blood vessels: 
activation of alpha adrenoceptors in rabbit thoracic aorta. 
J Pharmacol Exp Ther 240, 535-541. 

Rapport M. M. (1949) Serum vasoconstrictor (serotonin). V. 
The presence of creatinine in the complex. A proposed 
structure of the vasoconstrictor principle. J BioI Chern 180, 
961-969. 

Rapport M. M., Green A. A., and Page I. H. (1948) 
vasoconstrictor (serotonin). IV. Isolation 
characterization. J BioI Chern 176, 1243-1251. 

Serum 
and 

Reid G. (1952) Circulatory effects of 5-hydroxytryptamine. J 
Physiol (Lond.) 118, 435-453. 

Reid G., and Rand M. (1952) 
synthetic 5-hydroxytryptamine 
Nature 169, 801-802. 

Pharmacological actions of 
(serotonin, thrombocytin). 

Roberts, M.H.T. anJ Straughan, D.W. 
depression of cortical neurons by 
(Lond) 193, 269-294. 

(1967) Excitation and 
serotonin. J Physiol 

Roth B. L., Nakaki T., Chuang D. M., and Costa E. (1984) 
Aortic recognition sites for serotonin (5HT) are coupled to 
phospholipase C and modulate phosphatidylinositol turnover. 
Neuropharmacology 23, 1223-1225. 

165 



Ruffolo R. R., Waddell J. E., and Yaden E. L. (1982) 
Heterogeneity of postsynaptic alpha adrenergic receptors in 
mammalian aortas. J Pharmacol Exp Ther 221, 309-314. 

Sanders-Bush, E. (1988) 5-HT receptors coupled to 
phosphoinositide hydrolysis. in The Serotonin Receptors 
(Sander-Bush E., ed), pp. 181-198. The Humana Press, 
Clifton, NJ. 

Saxena P. R. (1982) Agonists and antagonists of vascular 
receptors. Adv Neurol 33, 309-314. 

Saxena P. R., and Ferrari M. D. (1989) 5-HT1-like receptor 
agonists and the pathophysiology of migraine. TIPS 10, 200-
204. 

Saxena P. R., Houwelingen P. V., and Bonta I. L. (1971) The 
effects of rnianserin hydrochloride on the vascular responses 

-evoked by 5-hydroxytryptamine and related vasoactive 
-substances. Eur J Pharmacol 13, 295-305. 

Schneider J. A., and Riuehart R. K. (1956) Pharmacological 
interactions of serotonin and reserpine in dogs. J Pharmacol 
Exp Ther 116, 51. 

Shaw E., and Wocdey D. W. (1953) 
alkaloids as naturally occurring 
serotonin. J BioI Chern 203, 979-989. 

Yohimbine and ergot 
antimetabolites of 

Sheehan, D.C., and Hrapchak, B.B. (1973) Theory and practice 
of histotechnology, C.V. Mosby Company, St Louis, MO. 

Snowhill E. W., and Wamsley J. K. (1983) Serotonin type-2 
receptors undergo axonal transport in the medial forebrain 
bundle. Eur J Pharmacol 95, 325-327. 

Stephenson J. A., Gibson R. E., and Summers R. J. (1988) An 
autoradiographic study of muscarinic cholinoceptors in blood 
vessels: no localization on vascular endothelium. Eur J 
Pharmacol 153, 271-283. 

Taylor E. W. (1985) The development of indoleamine 
derivatives selective for subtypes of serotonin receptors, 
Dissertation. University of Arizona 

Taylor E. W., Duckles S. P., and Nelson D. L. 
Dissociation constants of serotonin agonists in the 
basilar artery correlate to Ki values at the 5-HT1A 
site. J Pharmacol Exp Ther 236, 118-125. 

(1986) 
canine 

binding 

166 



Taylor E. W., Nikam S. S., Lambert G., Martin A. R., and 
Nelson D. L. (1988) Molecular determinants for recognition 
of RU 24969 analogs at central 5-hydroxytryptamine 
recognition sites: Use of a bilinear function and 
substituent volumes to describe steric fit. Mol Pharmacol 
34, 42-53. 

Toda N., Hayashi S., Fu W. L. H., and Nagasaka 
Serotonin antagonism in isolated canine cerebral 
Jap J Pharmacol 26, 57-63. 

Y. (1976) 
arteries. 

Van Nueten, M. J., Janssen P. A. J., Ridder D., W. V., and M 
P. (1982) Interaction between 5-hydroxytryptamine and other 
vasoconstrictor sUbstances in the isolated femoral artery of 
the rabbit; effect of ketanserin (R 41468). Eur J Pharmacol 
77, 281-287. 

VanRossum M. J. (1963) Cumulative dose-response curves. Arch 
Int Pharmacodyn 143, 299-330. 

Wallis D. (1981) Neuronal 5-hydroxytryptamine receptors 
outside the central nervous system. Life Sci 29, 2345-2355. 

Walsh J. A. (1967) Antagonism by methysergide 
effects of 5-hydroxytryptamine in man. Br J 
518-530. 

of vascular 
Pharmacol30, 

Wang S. S., and Peroutka S. J. (1988) Historical 
perspective, in The serotonin receptors (Sanders-Bush E., 
ed), pp. 1-20. The Humana Press, Clifton, N.J .. 

Waud D. 
partial 
117-122. 

R. (1969) On the measurement of the affinity 
agonists for receptors. J Pharmacol Exp Ther 

of 
170, 

Weidman H., and Cerletti A. 
of 5-hydroxytryptamine and 
Pharmacol 8, 165-165. 

(1961) Vasoconstrictor 
related substances. 

effects 
Biochem 

Xu Z., and Purdy R. E. (1989) Evidence for allosteric 
blockade of serotonergic receptors in rabbit thoracic aorta. 
J Pharmacol Exp Ther 248, 1091-1095. 

Young, R. 
anxiolytics 
361-371. 

(1987) Behavioral effects of several 
and putative anxiolytics. Eur J Pharmacol 

new 
143, 

167 


