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ABSTRACT

Diazoxide, & non—diureflc benzothladlazine aentihypertensive
agent, is:thought to act directly upon the vascular smooth muscle
of the resistance vessels to exert its therapeutic effects in
hypertension. Diazoxlde may exert its antihypertensive actlion by
antagbnizing calcium in #aécular smooth muscle. - Wohl et gl.(1967
and 1968) have suggested such an interaction based on experimenté
'cohducted with 1solated rabbit aortae. The present experiments
were designed.to 1nvestisate the possible'cellular locus of the

postulated interaction ofAdiazoxide with calcium using the iso=-
lated anterior meséntéric'vein of the rabbit as a model of vas-
| g@lar smooth muscle. fhisfvein is sﬁontaneously motile‘and
‘possesses‘characteristics similar to those observed for vessels
of the microcirculation. ‘

Diazoxide'at 10-% 1 1ﬁhib1ted spontanéous motility and its
_associated membrane'electrical activity, and caused hyperpolar-
ization in'rabbit‘anterior meéenteric veins examined with a su-
'crose gap appafaﬁus. Diazdkide also inhibited spontaheous elec-
"trical and cdntractile activity in guinea-pig taenia colil and in
1éstrogen dominated rabbit uterus. In all these tissues, calcium
is believed to play an impdrtant role in spontaneous eiectricalvl
‘membrane'activity. Diazoxidetfailed to affect contractility,

- rate of spontaneous contradtions, or action potential configur-
ations in_iSolated rabbit Heart. even though the actlion potential
in heart tissues possesses a defiﬁite calcium_current component.
' Diazoxide reduced contractions induced in the mesenteric

' _vein by electrical stimulation of the smooth muscle itself or by
‘ _ ; ; ,
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~excitation of the nerve endings withip the vein.

Various drugs were chosen for thelr abllity to contract the
mesenteric vein in different ways. Noradrenaline contracts
vascular smooth muscle even when the tissue 1s depolarized with
ousbain. Diazoxide failed to inhibit noradrenaline contractions
in the depolarized vein, but showed the characteristics of a
competitive inhibitor of noradrenaline in normally polarized veins.
Diazoxide was also capable of inhibiting contractions to serotonin
and procaine, agents which require membrane polarization to
initiate‘contractiono 'The inhibitory effect of dilazoxide was not
observed to be modified in splutiohs containing hlgh concentrations
of calcium°

Diazoxlide was tested upon the contractlile responses to cal-
cium 1n»vé1ns depolarized in k¥ Ringer solution. Examination of
the resultantvdose response curves showed that dlazoxide inhibited
calcium contractions in a reversible, non surmountable manner,
Hydrochlorothiazide had no effect upon calcium induced contractions;

Diazoxide antagonizes drug induced contractions only if a
polarized membrane is present. Calcium induced contfactlons in
depolarizing éolutions were }nhibited in an apparently insurmount-
_able nanner, while drug responses in polarizing solutions were
inhibited by diazoxide in a surmountéble manner., In addition,
action potentials from rabbit heart were unchanged whereas, the
| apparently calcium spike mediated electrical activity of certain
smooth muscles.is _!mhibited°

It is concluded that diazoxide affects the membrane of vascu-
lar smooth muscle to reduce excitability of the tissue to drugs

or electrical stimulli. It is possible that cell membrane bound



calcium coﬁld be the locus of actlon of diazoxide and that this
agent modifies membrane célcium-to cause increased membrane

stability.



po
.

Py 2
A td

vi
ACKNQWLEDGEMENTS

The author wishes to thank Dr. M. C. Sutter for his advice
and supervision during the course ofvthis project.v The technical
assistahce and advice of Mrs. Judy Telser, Mrs. Margot Hargrave,
and Mr. Donald Teiéer are greatly appreciated. 1 especlally thank
my wife, Brenda, for typing this thesis.

The author was supported by the Department of Pharmacology and
by a U, B, C. Student Fellowship during the course of this project;

and this financial support is gratefully acknowledged.



vii

TABLE OF CONTENTS

PAGE
INTRODUCTION 1
Benzothiadiazines in Hypertension 1l
Pharmacology of Dlazoxide 3
Dlazoxide: Its Effect on Smooth Muscle 8
Anterior Mesenterlc Vein as a Model to Study
Vascular Smooth Muscle ‘ o 11
Calcium: Its Role in Smooth Muscle Contraction 13
Excitation Contraction Coupling in Vascular
Smooth Muscle ~ 16
STATEMENT OF THE PROBLEM | 3 1 20
METHODS AND MATERIALS o 22
Tissue Preparation 22
Physiological Saline Solutions ' 23
Drug Solutions 4 , ' 24
APPARATUS ~ | 26
Sucrose Gap Electrical Recording ‘ 26
Intracellular RBecording From Heart Tissues 29
Transmural Stimulation : - 30
Organ Bath Drug BResponse Experiments 31
Protocol and Analysis of Drug Dose Response
Experiments 32
RESULTS | 33
Sucrose Gap Experiments 33
Intracellular Recording From Isolated Rabbilt
Heart Tissue ‘ 37
Transmural Stimulation of Veins 39

Effects of Diazoxide On Contractile Responses to:

Noradrenaline 39



v &5 din o

_ PAGE
Serotonin | , 43
Procaine . . bs

Calcium Contractures in Depolarizing Solution Ls

DISCUSSION : : ' 51
Diazoxide and Electrical Membrane Phenomena
in Smooth Muscle : _ ' 51
Transmural Stimulation of Rabbit Anterior
Mesenteric Veins 55
Cardiac Muscle and Diazoxide 56

Effects of Diazoxide Upon Drug Induced Contractions 57
BIBLIOGRAPHY 63



FIGURE

1

10

11

INDEX TO FIGURES

Structural Formulae of Benzothiadiazine
Antihypertensives

- The Sucrose Gap Apparatus

Sucrose Gap Recordings from Rabbit Anterior
Mesenteric Veiln

Sucrose Gap Recordings from Rabbit Anterior
Mesenteric Veiln: Responses to Excitant Lrugs

The Effect of Diazoxide Upon Electrical and
Mechanical Recordings from Isolated Guinea-
Pig Taenia Colli, Estrogen Dominated Rabbit
Uterus, and Rabbit Heart Papillary Muscle

The Effect of Diazoxide Upon Noradrenaline
Dose Responses of the Rabbit Anterior
Mesenteric Vein

The Effect of Diazoxlide Upon Noradrenalilne
Dose Response Curves from Rabbit Anterior
Mesenteric Veins Treated with a Depolarizing
Concentration of Ouabain

The Effect of Diazoxide Upbn Serotonin Dose
BResponse Curves from Rabbit Anterior
Mesenteric Veiln

The Effect of Diazoxlide Upon Procaine Dose

Response Curves from Rabbit Anterior Mesenteric
‘Vein .

The Effect of Diazoxide Upon Calclum Dose
Responses in K+ Ringer Solution

The Effect of Hydrochlorothiazide Upon
Calcium Dose Responses in K+ Ringer Solution

“PAGE

27
34
36
38

41

42
Ly

Lo

48

50



INTRODUCT ION

Benzothiadiazines in Hypertension

Within the last‘decadeg the benzothladiazine.compounds have
found a firm place in the fherapy of mild to moderate hyperten-
sion. The mechanism of action of such agents, for example
chlorothiazide or hydrochlorothiazide, remains to be completely
elucidated. _ |

It was once held that the diuretic effect of many of these
compounds played a major role in their antihypertensi#e action.
This was thought to be accomplished by a decrease of circulating
plasma volume, hence a decreased cardiac output and reduced blood
pressure. It 1s now thought that the diuretic action of benzothia-
diazines appears to play only a transient role, if any, in the
relief of hypertension. Conway and Lauwers (1960) demonstrated,
using chlorothiazide in 23 hypertensive patients, that the plasma
volume loss due to the‘drug induced diuresis was restored after
several weeks treatment without loss of antihypertensive éfficacy.
Cardlac output in these patients, if anything, was\found to be
somewhat elevated. Most important was the observation that
chlorothiazide affected the total peripheral resistance. This
‘function was reduced by some 25 per cent, resulting in blood
* pressure reductions by a mean of_26 mm. Hg. systolic and 17 nm.
Hg. diastolic in patients with essential hypertension. Conway
and Palmero (1963), using venous occlusion plethysmography,
showed that in 43 patients with mild hypertension, chlorothiazide
caused a mean reduction of 18 per cent in forearm peripheral

resistance and a small decrease in venous tone. They also re-



porﬁed that the hypotensive effects of the.drug Were'not reléted
to the magnitude of the diuresis, as measured by loss of weight.
These authors thought that the}reductlon in total peripheral
resistance was a result of the thiazlide acting directly upon thé
vascular smooth muscle of the.resistance vessels.

Because the diuretlc benzothiadlazines may alter renal
tubular transport of sodium (Preziozi et al., 1959), it was
suggested by somé workers that these agents may élter ionic
gradients within vascular smooth muscle cells, perhaps altering
excitation and diminishing contractility of the blood vessels.
Daniel (1962) showed that'hydrOChlorothiazide caused no change
in the sodium content of plasma, aortic tissue, stomach or psoas
muscle from desoxycorticosterone hypertensive rats. Rﬁbin (1963)
on the other hand, found that chlorothiazide enhanced sodium up-
take without affecting potassium loss in isolated rat aortic strips.
Daniel and Nash (1965) suggested that if an effect upon ionic
transport were the mechénism of action of benzothiadiazine anti-
hypertensives, a reduction of’vascular cell volume as well as
decreased contractility might explaln antihypertensive effects.
They féund, however, that hydrochlbrothiazide and the non di-
uretic related compound, diazoxide, falled to show éignlficant
effects on reuptake of potassium or extrusion of sodium in cold
treated aortic strips. Because of the inconsistencles of effects
upon ion transport Jjust discussed, it 1s unlikely that the anti-
_ hypertensive mechanism may be ascribed to a direct effect on
active transport of sddium or potassium.

Some diuretic benzothiadliazines have been shown to reduce



‘contractility in vascular smooth muscle. Preziozi et al. (1959)
showed that chlorothiazidé could antagonize pressor responses to
noradrenaline, adrenaline, and angiotensinlln intact dogs.

Rubin et al. (1963) showed that both chlorothiazide and trichlor-
methiazide inhibited aortic contractions caused by noradrenaline.
Daniel and Nash (1965) feported howe#er that hydrochlorothiazide
did not antagoniée the contractile responses to‘noradrenallne of
rabbit aorta or uterus. The same authors reported however, that
hydrochlorothliazide inhibited spontaneous contractions in uterus.

Pharmacology of Diazoxide

Rubin (1961a,b,c.) investigating 7-chloro-3-methyl-1,2,4-
benzothiadlazine-1l,1-dioxide, or diazoxide (Figure 1), showed that
this close analogue of the thiazide diuretics possessed marked
antihypertensive activity. Inﬁeréstingly,,this compound failed to
éct'as a diuretic, and in fact, was found to cause sodium and
water retention. A benzothiadiazine compound had been found in
which a clear cut separation of antihypertensive and diuretic
properties could be demonstrated. ‘It'was felt that further
investigation of this agent might lead to'an explanation of the

hypotensive properties of the diuretic benzothladlazines.

cl S H.N-O.S S
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Diazoxide Chlorothiazide

Figure 1.



The hjpotenslve activity of diazoxide 1n.anaesthetized cats
was not blocked by previous administration of atropine, phento-
lamine, hexamethonium, chlorpheniramine, reserpine or by spinal
transection (Rubin ét al., 1961b). Intra-arterial injection of
diazoxide into dog femoral, renal, and coronary vessels caused
immediate and prolonged increase of blood flow through the affect-
ed vascular beds (Rubin et al., 1962). These observations in-
dicated a site of action not primarily influenced by nervous
pathways or humoral factors; in other words, a direct peripheral
relaxatibn was implied; In addition, BRubin et gl._(1961c) showed
'thét diazoxlde antagonized contractions to noradrenaline, angio-
- tensin, and serotonin in aortic strips from rats and rabbits°

Unlike its dluretic congeners, dlazoxide reduced blood
pressure very rapidly (within one to two minutes) when injected
rapidly into dégs or humans. This rapld action contrasts with
the slow onset of antihypertensive activity of the diuretic
benzothiadiazines. which require from several hours to several
~days to reduce high blood pressure. Dlazoxide is also more
effectlve intravenously than orally, in contrast to the optimal,
oral route of administration of the diuretic benzothiadiazines.

Tr;als with desoxycorticosterone-hypertensive dogs (Rubin,
Roth, Taylor, and Rosenkilde, 1962) showed that diazoxide in-
Ajected intravenously at five milllgrams per kilogram decreased
the blood pressure and total peripheral resiétance, and increased
cardiac output and right atrial pressure. Dogs treated with
diazoxide‘showed no evidence of orthostatic hypotension when
tilted upright on thelr hind legs. These observatlions demonstfa-

ted that the autonomlic vascular reflexes remain intact after



diazoxide treatment. The increase in right afrial pressure 1s
interesting, as this implles that there 1is little effect on veilns,
ag the requirements forvan increased cagdlac output are satiéfied.
These observations when taken together, provlde rather good evi-
dence for & highly selective site of action of dlazoxide in re-
ducing high blood pressure: the direct relaxation of the resis-
tance vessels. This 1s particularly significant as the arterioles
appear to be primary in the cause of essential hypertension
(Freis, 1960). BRubin et al. (1963), using direct pressure re-
cording demonstfated that intra-arterial and 1ntravenous infusions
of diazoxide caused a reduction of total forelimb resistance due
almost exclusively to a reduction in sméll vessel resistance.
Diazoxide had 1little effect on forelimb veins and larger arteries.
Under conditions of constant flow using an extracardiac
eircuit in anaesthetized normotensive dogs, Nayler et al. (1968),
showed that diazoxide caused reductions of peripheral vascular
resistance that resulted in increased flow in the coronary
arteries, inferior vena cava &nd superilor vena cava, .Flow in
the azygos, renal, and splanchnic circulations decreased. The
same‘effects were reflected under conditions of constant perfu-
s8ion pressure rather than flow, The same'ﬁorkers demonstrated
that diazoxide displaced left ventricular function curves to the
right, indilcating a reduction of the capacity of the left ven-
tricle for dolng external work. The mechanism, the authors
suggested, may be similar to that observed in smooth muscle,
that is: relaxatlion or inhibition of contraction.

Trials with human patlents were initiated and it was found



that diazoxide was effective in reducing ﬁlood pressure in most
-cases of hypertension. These 1included primafy aldosteronism,
essential hypertension, malignant hypertension, and toxemlia of
pregnancy ( Saker et g;;, 1968; Finnerty, 1963). Thevrapid action
and lack of tolerance to the drug gave indications of a very use-
ful therapeutic tool. A

Finnerty gﬁ al. (1963) reported the résults of rapid intra-
venous injection of 300 milligram doses of diazoxide into 46
hypertensive patients. Blood pressure was lowered in these
patients within one to two minutes by a factor of some twenty;
five per cent. Gradually, the blood pressure rose to a level of
fifteen per cent reduction from control values. There were no
signs of pbstural hypotension, cerebral ischemlia or coliépse during
the duration of‘activity of the drug: a mean of 4.7 (t 1.7 S.E.)
'hours. At the peak of the hypofensive response there was a calcula-
ted reduction of 41 per cent 1h total peripheral resistance. These
authors conclﬁded "The standard dosage of three hundred milligrams
ees the immedliate onset of action, the malintainence of cardiac out-
put, the lack of significant side effects, and the fact that it
can be administeréd repeatedly without the development of drug
resistance make diazoxide administered intravenously the ideal
therapy for acute hypertension." Finnerty (1966) suggested that
-diazoxide might find its best use in hypertensive emergencies in
vwhich rapld relief of high blood preséure would be the critical
feature. Such emergencies would include hypertensive encephalo-
pathy and éclampsia. Finnerty, Davidov, énd Kaviétos (1967)

reported the long term effects of diazoxide therapy in sixteen



| patients with severe intractable hypertension; These authors
administered diazoxide in rapid 1hject10ns of three hundred
milligrams dally as required over.a twenty day period to maintain
arterial blood pressure‘twenty per cent below control values.
Their results suggest that in some cases, rapld reduction of the
blood pressure with diazoxide for a limited time méy improve
intractable hypertension and its complications such as retino-
pathy, cardiomegaly, congestive heart fallure, and impaired renal
function, to the point where more coﬁventional therapy, for ex-
ample chlorthalidone and reserpine or hydralaZine pf methyi dopa
may be used successfully after discontlinuing diazoxide.

Diazoxide, however, has adverse effects, which ére serious
enough to have‘kept this agent from general use. These side
effects are manifest when the drug is used orally or chronically
mofe than with intravenous lnjection. Sodium and water retention
were the first side effects to be noted. Finnerty (1966) found
that diazoxide induced edema could be eliminated or minimized by
concomifant administration of chlorothiazide and acetazolamide.
Hypertrich&sis develops with long term orél use of diazoxide.
The cause for the hirsutism is unknown but the effect appears
Specific for the vellus hair of the body (Koblenzer and Baker,
1968) .

Perhaps the most serious side affect of repeated'diazoxide‘
| administration 1s hyperglycemia, appearing often as overt diabetes
mellitus. Dollery (1962) reported this effect developing after
approximaﬁely one week of diazoxide therapy. The condition
appeared to be reversible and his patients recovered after the-

drug had been discontinued. Dollery ascribed the development of



this diabetes to inhibition of insulin secretion by the pancreatic
beta cells. Tabachnick and Gulbenkian (1968) reported that the
hyperglyéemic effect is due to an extrapancreatic effect as well
as inhibition of insulih secretion. The additional adtivity was
a&cribed té inhibition of the cyclic 3%5' adenosine monophosphate
phosphodiesterase enzyme. When phosphodiesterase 1s inhibited,
the lipolytic and glycogénolytic activities of cyclic adenylate
would‘be potentiated once the nucleotide had been produced by
exogenous stimulationD as with adrenaline. |

Diazoxide has been used in the therapy of hypoglycemia.. For
a review of this material, the reader is referred to the Annals of
the New York Academy of Sciences, Art. 2, Volume 150, pages 191-

67, "Diazoxide and the Treatment of Hypoglycemia".

Diazoxide: Its Effect on Smooth liuscle

o The mechanlism of actlion of diazoxide on vascular smooth
muscle remaihs to be defined.v Effects upon membréne ionic grad-
ients by diazoxlde have not been proven, and evidence for distinct
modification in membrane ionic gradients is unconvincing. (Daniel
and Nash, 1965; Freed et al., 1963; Kapitola, 1968).

It‘has been known since 1959 that so e benzothiadiazines
-antagonize 1solated smooth muscle contraction (Preziozi et al.,
1959; Daniel and Kash, 1965). This was seen in at least three
types of muscle:b aortic, uterine and intestinal. The same authors
also observed that hydrbchlorothiézide, chlorothiazide, and diaz-
oxide tended to inhibit spontaneous motility of smooth muscle.

In 1967, Wohl, Hausler, and Roth examined the effect of
diazoxide on barium induced contractions in aortic strips from

deSoxycorticosteroid hypertensive rats. The results showed that



~dlazoxide possesses characteristics of a competitive surmountable
antagonist of barium. Diazoxide was also shown to be a surmount-
able antagonist of noradrenaline 1nduced,cdhtractions. The char-
acteristics of this 1ntéraction suggested an indirect rather than
directly competitive antagonism as demonstrated by Lineweaver-
Bﬁrke plots of the inverse of noradrenaline and barium dose re-
sponse curves. The authors suggested that barium was behaving

as a calcium replacement which would effectively cause contractions.
They speculated that diazoxide was a competitive antagonist of cal-
cium itself., In 1968, the same group demonstréted that the
,efficacy of diazoxide in competltively‘antagonizing barium was en-
hanced in aortae from desoxycortiodsterone hypertensive rats as
compared with strips téken from normal rats (Wohl et gl.. 1968a). -
The results with-diazoxide may reflect Hinke's (1961) suggestion
that calcium is used more efficiently in experimentally hyperten-
sive animals. If is tempting to speculate that if calcium is
abnormally used in contraction in the hypertensive state, it may

be more susceptible to diazoxide antagdnism, although hyperten-
sive aortas contain 13 per cent more calcium than do normals.
(Tobian and Chesley, 1965).

Wohl, Hausler, and Roth (1968b) demonstrated antagonism
between diazoxide and calcium in rabbit aortic strips. The strips
were contracted maximally with noradrenaline in a series of solu-
tions of varying calcium content. The maximum contraction achilev-
able thus depended on the avallability of calcium for contraction.
When the strips were exposed to dlazoxide, a competitive antason-
ism was observed between calcium and diazoxide.

Wohl's results help explain the effectiveness of diazoxide,
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especially, if as suggested by the data oflﬂinke and of Toblan and
Chesley. the functional lesion in essential hypertenslon is related
to the role of calcium in vascular smooth muscle contraction.
Another facet of diazoxide—calcium interaction, demonstrated in
this laboratory, (Sutter, unpublished results) is that diazoxide

is capable of reducing the ionic activity of a solution of calcium
chloride as determined by an Orion calcium-sensitive electrode. A
direct calciunm interaction with dlazoxide may occur which might
explain the observed competition.

Smooth Nuscle as _an Excitable Tissue.

The problem remains, however, as to the locus of diazoxide
action in smooth muscle. For this reason, & consideration of the
phenomenon of contraction in vascular smooth muscle 1is bertinent
at this juncture. Bohr (1964) has described four discrete com-
ponents in?olved in contraction of smooth muscle. These are:
exclitation, excitation contraction_coupling, contraction 1tse1f. and
the intermediary metabolism supplying thé energy for the contrac-
tion. Each of these components presents a possible locus for drﬁg
action but it 1s proposed tb confine the scope of this thesis to
the phenomena of excitation and of excitation contraction coupling.

Bozler (1948) has suggested two distinct types of smooth
muscle, differing according to thélr degree of dependeﬁce on an
extrinsic nerve supply and their ab%lity to contract in an all or
none manner. Multiunit muscles are those that normaliy respond
only to excitatlion of their extrinsic nerve supply. These muscles
“tend to be divided into motor units, which may be individual
muscle cells., In addition, multiunit smooth muscle does not

normally support the propagation of action potentilals. A good
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example of this type of vascular smboth musclé is the pulmonary
artery, which remains eiectrically quieScent even when contracted
by exciting its nerve supply or by noradrenaline (Su, Bevan; and
Ursillo, 1964). | |

Bozlerts other classification of smooth muscle is that of vis-
ceral or‘single unit-mtiscle° vais type behaves as a syncitiﬁm
and will support the propagation of action potentials. Such
tissues are often spontaneously actlive, and this activity may be
modified by but is not dependeht upon an extrinsic nerve supply.
Uterus, intestihai vmﬁscle, and ureter are good examples of single
unit muscle (Burnstock, Holman and Prosser, 1963). | |

Most pharmacological work on vascular smooth muscle has
probably been based on the aorta. Thls vessel however, is a
"windkessel" vessel, a large elastic conduit whose functlon 1is
to convert the largély pulsatilé cérdiac output into a falrly
steady flow through the small vessels (Mellander, 1968). 1Its
structure and functional features reflect this role and thus, the
aorta may not be a good model for examining arterilolar smooth
muscle. Aortic contractioﬁs are of a slow tonic nature while
spontaneous vasomotion of the arterloles, as observed in the
bulbar conjunctivum, is rather rapid (Lee, 1951; Jackson, 1958).
Thus, aortic responses to drugs and to other modifications of
environment may not reflect analogous responses of the vessels
of the microcirculation.

Anterior Mesenteric Vein as a Model to Study Vascular Smooth

Muscle
The smooth muscle tissue of primary concern in hypertension

is that of the arterioles. Excitation would appear to be media-



‘{m~*'mted in such small vessels (100-300 microns) by action potentials
‘ ‘and slow wave membrane potentials. This was demonstrated by-
§§eedman (196o). and by Speden (1964) both'working with intra-
cellular microelectrodes on the intact mesentery of the guinea
| pigeA These workers showed that spike activity was mediated in
large measure by the sympathetic nervous system. A mean maximum
membrane potential of 39 millivolts was recorded from these
vesselso_ In some cells, slow wave potentlals appeared to generate
spontaneous action potentials, in others, spontaneous action
potentials did not occur, but when the nerves to the vessels-
"were stimulated. junction potentials were observed which at a
oritical level;led to action potential firing. Local application
of adrenaline, noradrenaline, and vasopressin led to increased
frequency of action potential firing and increased slow wave am-
plitude. Somlyo and Somlyo (1968a) suggest that "sporitaneous
uasomotion of the microcirculation indicative of conducted acti-
vity, may represent elther myogenic single unit or neurally coor-.
dinated multiunit behaviour." Also, these authors cite Rodin's
(l9o7) observation on the ultrastructure of blood vessels, that
the nexus appears with increasing frequency in the terminal vas-
cular bed. Somlyo and Somlyo claim a good positive correlation
ol nexuses with conducted acpion potentials, a property ot single
unit smooth muscle (see also Barr, Dewey, and Berger, 1965).

The anterior mesenteric-portal vein demonstrates behaviour
rather like that of the arterioles observed by Speden (1964) and
Dl Steedman (1900). ThlS vein PosSsesses spontaneous contractile
aopivity which is assoclated with and preceded by action poten-

. tials and slow wave depolarizatlions. (Cuthbert and Sutter, 1964;
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Funaki‘and Bohr, 1964; and Cuthbert, Matthews, and Sutter, 1904).
This tissue apparently behaves as a single unit smooth muscle;
action potentials are propagated trom cell to cell (Johansson and
Ljung, 1967b). Holman et al. (1968) and Johansson and Ljung (1967a)
'demonstrated that the spontaneous activity of the vein arises my-
ogenically. Theilr evidence for -this was that spontaneous activity
could not.be blocked with tetrodotoxin, adrenergic blocking agenﬁs,
or nerve blocking concentrations of local anaesthetic. Sympathe-
tié innervation, however, does play a considerable role in modify-

- .ing the frequency and the tone of contraction in the isolated
rabblt vein,'intact cat veln, and in isolated shee§ veins (Johansson
and Ljung, 1967a; Hughes and Vane; 1967; and Holman and MCLean,
1967) .

Calcium: Its RBole in Smooth Muscle Contraction

Calcium has been shown to be requlred in the hormal contrac-
tion procéss in vascular smooth muscle (Waugh.ll962; Briggs, 1962;
Hinke.il9bu). Calcium may modulate membrane activity, mediate
'excitation contraction coupling, and activate the contractile
proteins directly. | |

Holmen (1958), Bulbring and Kuriyama (1963), and Brading
et al. (1969) naQe examined the role of calcium in modulatingl
membrane excltability in guinea-pig taenia coll. These authors
, demonstrated a competition between sodium and calcium at the mem-
braﬁe tor the current carrying the action potentlal splke., It was
found that in excess calcium and, or, depleted sodium media, the

taenla coll exhibited slower spontaneous activity, membrane hyper-

polarization, 1n¢reased splke overshoot, and increased rate of
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rise of the actlion potentlal splke. Slow wave activity tended to
disappear under such conditions. In calcium depleted and, or,
sodium rich solutions, the opposite eftects were observed: mem-
brane depolarization, 1hcrease in rate of spontaneity; and decrease
in the rate otf rise and of the overshoot of the action potential.
In addition, in high sod;um and calcium deticient solutions, elec-
trical events tended to be uncoﬁpled trom contraction. The etfect
of changing either sodium or calcium concentrations was largely
dependent on the cohcentration ot the other ion (Brading et al.,
1969) .

Manganese was shown to block spontaneous spilke discnargé af'=
tér a period or time and this could be overcome by 1ncreasing the
 concentration of extracellular calcium (Brading et al., 1969; Hotta
~ and Tsulkl, 1968). Strontium or barium may replace calcium in
.maintaining actlon poteﬁtial activity in taenia coll, but at the
cost of decoupling of contraction from electrical events. "This
decoupling 1s.understandab1e if it 1s assumed that calcium 1ions
which entered the'oell during an action potential exert a direct
influence on the contractile proteins and that other alkaline earth
metal ions have a relatively weak effeét on the smooth muscle actin-~
omyosin system." (Hotta and Tsukul, 1968). These authors cite
other work demonstrating that tetrodotoxin, an alkaloid that speci-
fically blocks tﬁe sodium influx of the action potential in excit-
able tlssue, had no effect on action potentials in thé taenia coll
(Kao, 1966; Moore and Narahashl, 1967). These results suggested -
strongly that the action potential spike in taenla coll is carried
.b'y the calcium ion.

Tetrodotoxin falls to block spontaneous activity in the
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meSehteric.vein (Hughes and Vane, 196%; Holman and MCLean, 1967),
indicating that as in the taenia coli, a calcium ion flux may be
largely responsible for the current carrying the action poténtial
spike instead of sodium. Strontium will suﬁStitute for calcium
to some degree in maintaining spontaneous activity in the mesen-
teric veln (Sevérson andASuttér,'1969). Further support for the
presence of calcium splkes in véscular smooth muscle is the ob-
servation made in this laboratory that spontaneous contractions
and action potential activity are maintained in Krebs' solution
modified with tris chloride buffer so that only 25 millimolar
sodium remains (Sutter, unpublished results).

Many authors have demonstrated the importance of calcium in
~ initiating and maintaining contractions 1in vascular smooth muscle
(Waugh, 1962; Briggs, 1962; Northover, 1968; Hinke, 1964). An
increase of calcium influx in aortic stripé has been reported
durihg potassium or noradrenaline contraction.(Briggs, 1962).
Suqh an influx of calcium may inltiate contraction either by
causing a transloéation of intracellularly sequestered or bound
calcium or by acting directly upon the contractile proteins

(Somlyo and Somlyo, 1968b). It is also conceivable that the
calcium influx component of the action potential.in some tissues,
for example the anterlor mesenteric feih or taenia coli, may be
sufficient to activate contraction.

-~ The relative importance of calcium in the contractile pro-
cess also depends upon the mode of contraction. Hudgins and Welss
(1968) demonstrated that in order to contract isolated aortic
Strips with either potassium or histamine, a higher minimun coﬁ-

centration of calcium was required, respectively in the bathing
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solution than was.necessary for noradrenaline contractions.
Citing Briggs (1962), these authors proposed that potassium con-
‘tractions were entirely dependent upon the avallability of ex-
tracellular calcium, which presumably; caused contractlon by a
direct influx into the cell. Hudgins and Weilss showed that his-
tamine was capable of causing a small additional contraction in
potassium contracted vascular snooth rﬁuscle° This was interpre-
ted aé meaning that the amine was capable of releasing intracell-
ularly bound or sequestered stores of calcium. Noradrenaline,

on the other hand, has been shown to be capable of contracting
vseveral types of vascular snooth muscle for some time in zero
calcium solution (Hudgins and Weiss, 1968; Johansson et al., 1967;
Severson and Sutter, 1969). These authofs interpreted.these
results as indicating that noradrenaline was capable of acting
primarily upon intracellularly bound stores of calcium.

‘Excitation Contraction Coupling in Vascular Smooth Muscle

Somlyo and Somlyo (1968a,b) describe four important aspects
~of excitation contraction in vascular smooth muscle that differ
from that of skeletal muscle:

- "1) their dose response curves, which indicate
continuous gradation of excitatlon are difficult
to reconclile with an underlying all or none pro-
cess; 2) the lack of quantitative correlation
between the contractile effects of drugs and
either thelr action on the membrane potential or
related monovalent ion fluxes, in polarized as well
as in depolarized preparations; 3) the absence
of action potentials in certailn types of vascular
smooth muscle; and 4) the inequality of the maxi-
mal contractile effect of different drugs on a
- given vascular smooth muscle,"

These properties should be taken into account in consider-

ation of the individual smooth muscle studied and in regard to
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the specific contractile agents used. Different drugs have
different mechanisms of aétion‘in contracting vascular smooth
muscle. Noradrenaline will contract the anterior mesenteric vein
of the rabbit. Assoclated with this contractlion is lncreased
frequency of action potential firing and depolarization of the
cell membrane (Cuthbert and Sutter. 1965; Johansson et al., 1967).
These, and other authors question however, the relative impor-
tance of the electrical events associated with contraction (see
also Axelsson et al., 1968). Noradrenaline will contract the
ouabain depoiarized mesenteric vein (Matthews and Sutter, 1967),
the potassium depolarized vein (Somlyo and Somlyo, 1968b), and
will conﬁract caffeine treated veins in which the membrane will
not'support action‘potential activity (Somlyo and Somlyo, 1968b)°
‘Thus, it appears that noradrenaline may exert an effect on ex-
-cltation contraction coupling that is not membrane potential
dependent, This, however, does not exclude noradrenaline from
influéncing or initiating contraction via alteration of resting
potentials or via action potentialéo' |
Similarly, Matthews and Sutter (1967) demonstrated that under
conditions of ouabain depolarization, serotonin was capable of
eliciting contractions which were of relatively less amplitude
than those to noradrenaline. Llke histamine and noradrenaline,
serotonin exerts a depolariziné influence upon the vascular smooth
muscle membrane but does not depend completely on the membrane
potential for its contractile effeéts. Serotonin, however, would
appear to have a greater membrane depolarization dependence than
does noradrenaline in the inltiation of contractlion because it is

less efficacious in the depolarized preparation (Matthews and
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Sutter, 1967).

Procaine is another agent that i1s capable of contracting the
anterior mesenteric_vein (Sanders, 1969), and the guinea pig
ureter (Washizu.vl968).' Both these tissues eppear to have cal-
cium mediated action potential ectivlty as does gulnea pig taenia
coli. Washizu demonstrated that procaine initiated membrane
depolarization in the ureter, aﬁd converted action potentials to
plateau type eonfigufations. prolonging their duration. These
lengthened action potentlials were associated with prolonged con-
tractions, probably due, Washizu stated, "to an 1ncreese in the
'mechanically effective peried of the action potential." These
_prolonged contractions, howevef, were abolished after some twenty
to thirty minﬁtes exposure to 0.5 per cent procaine. It was
found that fivefold elevat;on of exterﬁal calcium concentrations
restored the action potential to normel configurations in the
presence of procaine 0.0l to 0.1 per cent, The effect of procailne
upon guinea pig ureter was reported to be quelitatively similar
to that of lowering externsl calcium concentrations. Depolariza- '
tion and increased electrical activity haﬁe been observed in the
rat portal veln when external-calcium concentration is lowered
(Axelsson et al., 1967). Procaine, then, may act by functionally
removing calcium from a membrane site and thus "labilizing" the
membrene to initlate a contrection. Sanders (1969) demonstrated
that under conditions of ouabain depolarization, procaine could
no longer contract the cat anterior mesenteric vein thus lending
support to the concept that procalne contracts vascular smooth
muscle solely by 1ts depolarizing activity. |

Another tissue in Which calcium plays an important role in
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the formation of the action potential, is vertebrate cardiac
muscle. Orkand and Niedefgerke (1964) demonstrated that calcium
was important in deteimining the amount of overshoot in frog ven-
tricular action potentials. Hagiwara and Naekajima (1966) showed
that in frog ventricle; procaine and tetrodotoxin suppressed the
initial rate of rise of the action potentlial, but that the pla-
teau phase was unaffected° Manéanese was shown to suppress the
duration of the plateau}phase. Reuter and Beeler (1969) showed
with a voitage ciamp technique on dog trabeculae that a slow in-
ward current could be produced by voltage clamping above =30 mV.
This current did not depend upon levels of external sodium con-
centrations but was affected by changes in calclum concentrations.
In sodium frée solution, this calcium current flow was directly'
related to activation of contraction but in sodium-containing
‘solution served primarily to fill éome intracellular depot for
calcium. With regard to the present study, it was thoughf that
diazoxide might exert some effect on the plateau phase of the
action potentials of rabbit atria and papillary muscles.

- If diazoxide antégonizes the calcium'involved in the con-
tractile process in vascular smooth muscle, it may act in one or
more of three ways. It may interfere with membrane excitation
and the events which connect dépolarization to contraction. It
may interfere with the way in which some drugs mobilize calcium
for contraction. Filnally, dlazoxide may interfere with the abil-
ity of wvascular smooth muscle\to utilize calcium in the actual

process of contraction.
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STATEMENT OF THE PROBLEM

It was proposed to 1hvestigate the effects of diazoxide
upon the anterior mesenteric vein of the rabbit, placing spécial
emphasis on excitation contraction coupling.' The spontaneous
electrical activity of the veln preparation permitted examination
of the bloelectric correlates of the relaxant effects of diazoxide
upon contraction. This was achieved using a sucrose gap extra-
cellular electrode apparatus, Estrogen-dominated raebbit uterus
and guinea-plg taenia coli were similarly examined. In addition,
1ntrade11u1ar potentials were recorded from rabbit‘cardiac tissue
to determine the effects of dlazoxlide upon this type of excitable
tissue.

Contractions of isolated veins to drugs acting on differént
components of excitation contraction coupling were examined using
diazoxide as an antagonist. It was thought that the nature of
diazoxide inhibition of contractions produced by noradrenaline,
serotonin, or procaine would help specify the locus of action of
~diazoxide upon the contractile system in vascular smooth muscle.
In addition, the action of dlazoxide upon contractions induced
by calcium in depolarizing solution was examined. Similarly,
diazoxide was tested on veins contracted by electrical stimula-
tion.

.Thus, the effects of diazoxide were examined upon céntrac-
tions of the mesenterlc veln brought about by the following:

1. spontaneous electridal activity of the cell membrane;
2, electrical stimulation of the nerve plexus within the veln;
3, direct electrical stimulation of the veins themselves;

4, noradrenaline, a drug that can cause cqntraction independent-
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ly oflmembrane electrical events.

serotonin; a drug that is dependent to a large extent upon
membrane electrical events;

procaine, a drug completely dependent upon the membrane
potentlal for its contractile activity; and |

calcium (in depolarizing solutions) which probably acts
directly upon the contractiie proteins themselves or at least

on a mechanism bypassing electrical membrane activity.
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METHODS AND MATERIALS

Tissue Preparation

The anterlor mesenteric vein was obtained trom New Zealand
white rabbits of either sex, weighing from 2.5 to 3.5 Kg. All
animals used were killed by a blow on the neck. The veins were
rapidly dissected and the portion between the liver and the bi-
furcation of the superior and 1ﬁfer10r mesenteric velns was re-
moved. This section was placed in oxygenated Krebs! solutlion at
room temperature and any further dlssection was performed as
necessary. The velns destined fér organ bath dose response stud-
ies were divided into two longitudinal halves; those for sucrose
gap experiments were merely opened down one side. After no more
than 20 minutes, the veins were'mounted in the varlous apparati
.where they were maintained at 37°C. 1n oxygenated Krebs? or
'Ringer solutions.

Young female rabbits were used to obtain uteri for the su-
crose gap experiments. These anlimals were pretreated with
stilboestrol (125.micrograms daily injected subcutaneously) for
six days prior to sacrifice. The uteri wére then removed and
pléced in Krebs?! solution. Strips some five millimeters wide and
two centimeters long were cué and mounted in the sucrose gap
apparatus or in organ baths where they were maintained at 37°C.

Taenia coll muscle was obtained from adult gulnea pigs of
either sex. The muscle strip was rapidly dissected from the
colon and placed in oxygenated Krebs!' solution. Lengths of ap-
proximately two centimeters were cut and mounted in the sucrose
gap apparatus.

Heart tissue was obtained from rabblts of either sex. The
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rabbits were killed and the hearts were}immediately removed and
flushed with Krebs! solution injected into the coronary arteries
via the aorta. Both atria or the right papillary muscles were
then dissected free from the rest of the heart. The atria were
removed intact, including the sinus node area, so that pacemaker
actlvity was assured in the preparation. The tissue was piaced
into organ baths contalning gassed Krebs'! solution at 37°C. A
one gram tension was apblied to the tissue once mounted in the
organ path° The right rapillary muscles were removed intact
with a pieée of ventricular wall at one end and the chorda tendinae
with valve tissue attached to the other end. These two ends
served as points of attachment to hooks in the organ bath used
to maintain the tissue tor microelectrode recording.

Physiologzical Saline Solutions

Krebst solution of the following composition was used for
most of the experiments: NaCl, 118 mM; KCl. L.,7 mM; CaClz,
2.56 mM; MgClp, 1.13 mM; NaHCO3, 25 mM; NgHgPOu, --1.15 mM; and
glucose, 5.55 mM. This solution was constantly gassed with
95 per cent oxygen and 5 per cent carvbon dioxide to maintain
the pH at 7.4. A stock solution was made up in large volumes
(to 20 liters) without calcium chloride. As required, the stock
Krebs' was drawn off and gassed, and calcium chloride and glucose
were added to complete the solution. In the case of the depolar-
izing soclution required in the sucrose gap, NaCl and NalCO3
were replaced with KC1l and KHCOj3 in equivalent amounts.

When calclium concentrations were raised above five milli-
molar, Krebs! solution was found to be unsulitable because of

precipitation of calcium salts, so it was replaced with a
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mammalian Rlnger solution of the following composition: NaCl,
154 mM; KC1l, 5.4 mi; CaClé, 2.5 mM; NaHCO3, 6 mM; and glucose,
5.5 mM. This solution was gassed with 95 per cent oxygen and

5 per cent carbon dioxide to maintain pH at 7.0, When con-
tractions were to be obtained from veilns with calcium in de-
polarizing solutions, a K* Ringer was used. This fesembled

the normal Ringer but sodium salts were replaced with equivalent
potassium salts.,

Drug Solutions

All drugs used in the isolated tissue experiments were
made up in normal saline (0.9 per cent NaCl).' Where experl-
mentally, this was not desirable, as when using Kt depolarizing
solutions, the drugs were dissolved in demineralized_water.
4‘Drug solutions were added in various concentrations to the
Kfebs‘ or Ringer bathing the tissues, but always at a constant
‘volume of one one hundredth of the volume of the organ bath.
Drug concentrations are expresséd as t'inal bath concentrations
in terms of base. |

l. Diazoxide (Schering), pure powder, was dissolved in
normal saline or in demineralized water by adding NaOH dropwise.

2y,

The concentration of the stock solution of diazoxide was 10~
The pH of this stock was in thé range of pH 12. A dilution of
one in one hundred into the organ bath of the stock did not
aftect the pH of either Krebs' or Ringer solution.

| 2. Noradrenaline (l-arterenol-D-bitartrate monohydrate,
Mann Research Laboratories) was made up in stock concentrations

of one milligram per milliliter. This stock was acidified by

adding one drop of 0.1 N HC1l to 10 milliliters of the solution.
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3. Serotonin (serotonin creatinine sulphate mbnohydrate;
Mann Research Labdratorles) was used as a 10 milligrams per
.milliliter stock solution. | »

4. Procaine (procaine hydrochloride, K and K Laboratories)
was used as a stock solution of 100 milligrams per milliliter.

5. Ouabain (Strophanthidin G, Mann BResearch Laboratories)
was used as a stock solution at 10 millimolar concentration.

6. EGTA (ether glycol bis-amino tetraacetic acid, Geigy
Industrial Chemicals)'ﬁas made up in 300 mM tris solution to_a
stock concentration of 100 mM. Sodium hydroxide was added to
solubilize the chelating agent. Additions of EGTA to organ
;bath Krebs!' or R;nger solutions did not affect pH in the organ
‘baths.

7. Chlorothiazide (Merck, Sharp, and Dohme) wés used in
. stock solutions of 10 millimolar concentration.

8. Hydrochlorothiazide (Esidrex, Ciba) was made up to
10 millimolar concentration stock solutions,.

9. Tetrodotoxin (Sankyo) was made up to 0.1 milligram
per milliliter as a stock solution. -

10, Stilboestrol (British Drug Houses) was obtained in

ampoules and diluted in peanut oil to a concentratlion of one

milligram pef milliliter for subcutaneous injection.
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APPARATUS

Sucrose Gap Electrical Recording

Electrical recordings were obtained from rabbit anterior
mesenteric vein.'guinea prlg taenia coli, and from estrogen-
dominated rabbit uterus using a sucrose gap apparatus (Stanfli,
1954 ; Burnstock and Straub, 1958). The principle of operation
of this extracellulér recording device is similar to that of
obtaining an injury potential. One electrode, on the active

side of thevapparatus which contains normal physiological
saline,was in contact with the surface of the tissue. The
same tlssue strip ﬁasses through an 1nsﬁ1at1ng layer of isotonic
sucrose into the inactive side of the apparatus which contains
a depolarizing solution (either isotonic K2804 or a potassium
rich bhysiological saiine). The other electrode contacts the
tissue in the lnactive side. Ideally, thelonly current pathway
between electrodes is through the tissue lying within the in-
sulating sucrose gap. |

Potentials that are analogous to intracellular potentials
may be obtained between the two electrodes. The active electrode
is'"outside" a normally polarized population of cells and the
other electrode, contacting the depolarized tissue, by analogy
is "inside" another population of cells. The algebraic sum of
electrical events from the active slde may be recorded mono-
phasically from a sucrose gap apparatus.

The gpparatus used was modified in design from the original
tubular apparatus to resemble more &a conventional organ bath
(Figure 2). The apparatus was constructed of lucite plastic

and consisted of three compartments. The upper chamber served
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STRAIN GAUGE

WATER JACKET

UPPER BATH
TISSUE

GASKET

ELECTRODE

LOWER BATH

Figure 2. The sucrose gap apparatus. Part of the apparatus has
been cut away to reveal the tissue passing through the
rubber gasket membranes. Fllling and drain tubes have
not been illustrated. The apparatus is bolted together
on four corners of the base plate.
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as the éctive side of the apparatus and contained Krebs! solu-
tion into which drugs could be added directly. The lower com-
partment contained a depolarizing saline solution (Krebs'! sol-
ution modified so that'NaHCO3 and Na Cl were completely replaced
by potassium salts). These two saline compartments were separa-
ted one from the other by an eight millimeter gap through which
demineralized 300 millimolar sucrose solution was perfused. Two
dental dam rubber membranes separated the middle compartment or
sucrose gap from the upper and lower compartments. (see Berger
and Barr, 1969). The tiésue to be eiamined, passed.through a
small hole in each membrane so that the ﬁpper porfion was bathed
in Krebé' solution, the middle in sucroée, and the lower portion'
of the tissue in high K* Krebs' solution.

Becording electrodes of silver wire (0,006 inch diameter)
were used. These Were insulated in glass except for the tips
which were electrolytically‘coated with chloride. The electrode
assemblies were passed through the walls of the upper and lower
compartments and the tips of the electrodés contacted the tissue.
Resistance measuréd between the two electrodes (an index of tissue
‘resistivity) was of the order pf 20 Kilohms. The electrodes were
seaied with a rubber sleeve on the outside of each compartment
to prevent leakage of saline.

The apparatus was enciosed in a water Jjacket, through which
water at 370C. was circulated to maintain the preparation at
constant temperature. The Krebs'? solution in the upper compart-
ment was constantly aerated wilith 95 per cent oxygen, 5 per cent
carbon dioxide. Becaﬁse of the design of the apparatus, drugs

could be added directly to the preparation and solutions could
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be changed:readlly in either compartment by overflow drainage.

The electrodes were éttached to an operational amplifier
device which amplified the sucrose gap botentials tenfold. These
augmented signals were displayed on one beam of a Tektronix 502A
oscilloscope. Results were recorded on moving film using a Grass
model C4 kymograph camera. o

Contractile responses from the tissues in the sucrose gap
were recorded using a Grass FTOBC force diSplacement transducer.
An operational amplifier circult amplified the signals from the
strain gauge and the output of the amplifier was displayed on the
other beam of the oscllloscope so that contractions were monitored
simultaneously with the electrical events.

Intracellular Becording from Heart Tissues

Microelectrodes for recording were pulled from 1 mm. O. D.
pyrex capillary tubing. These electrodes had tip resistances of
greater than 50 Megohms when filled with 1.5 M potassium citrate
solution. The electrodes were tilled 1n the following manner.
First they were filled with methanol by boiling under a vacuum
with the electrodes immersed in the alcohél. A return to normal
pressures caused the evacuatedfelectrode to fill with methanol.
Once filled with methanol, the electrodes were immersed in distill-
ed water for ten minutes at robm temperature to f1l1l them with
water. Finally the electrodes were immersed overnight in 1.5 M
potassium citrate and were ready for use the following day.

Each electrode was carefully shortened by breaking off excess
length from the shank so as to minimize electrode mass. They
were then mounted on one mill. tungsten wire according to the

method of Woodbury and Brady (1956). The indifferent electrode



30

consisted of a chloride coated silver wire which was directly
immersed in Krebs' solution. _
A Medistor type 34A microelectrode_amplifier was used and
‘was connected tb a Tektronix 502A oscilloscope. Electrodes were
lowered onto the tissue using a micromanipulator.
| The whole atria was allowed to beat spontaneously in the

crgan bath. A Grass FT03C strain gauge and an operational am-

. Plifier circuit were used to monitor contractions as described

fior the sucrose gap recording. Action potentials and tension
.irom the spontaneously beating tissue were recorded on contin-
vonsly moving tilm. The paplllary muscle and some atrial strips
-were electrically driven with platinum electrodes from the out- -
put'of a modified Tektronix 114 pulse generator at a stimulus
.rate of one per second. Pulse dﬁration and voltage output were
“varied so as to minimize stimulus artifact. The stimulated ac-
tion potentials wWere recorded on single frames of tilm ﬁith the

Grass Kkymograph camera.

Transmural Stimulation

Whole mesentéric velns from rabbits were mounted on a glass
Jetube which was immersed in an organ bath containing Krebs?
solution at 379C. The apparatus resembled that described by
Holman and MCLean (1967). The isolated vein was cannulated. by
the end of the glass J-tube so that a platinum electrode from the
centre of the tube protuded into the lumen of the vein. A loop
of}platinum wire approximately one centimeter in diameter sur-
rounded the outside of the vein. The two wires served as stim-
ulating electrodes. An AC stimulus was applied across the élec-

trodes from an AEL stimulator. This apparatus was intended to



3L

stimulate the nerve pleXus within the vein (Holman et al., 1967;
Holman and MCLean, 1967). A silk thread attached the uncannula-
ted end of the vein to a Grass FT03C strain gauge, from which
contractions Wefe monitored on a Grass model 7 polygraph.

Organ Bath Drug Response Experiments

Isolated rabbit anterior mesenteric veins were tested for
drug responses in organ baths. The baths were filled with Krebs?
or Ringer solution gassed with'95 rer cent oxygen and 5 per cent
cerbon dioxide and were maintained at 37°C, by circulating water
Jackets. Solutions were prewarmed and entered the bath from the
bottom of the chamber. Baths were drained either by an overflow
method or from the bottom of the chamber when solutions were
changed. Veins were cut into longitudinal halves and one end
was mounted onto a stainless steel hook in the organ bath using
a loop of suture thread. Another loop of thread connected‘the
other end of‘the vein to a Grass FTO03C strain gauge from which
isometric contractions were recorded oﬁ a Grass Model 7 polygraph.
Four half velns could be studied simultaneously in this manner.
The.veins were loaded with a baseline tension equivalent to a
500 milligram displacement of the straln gauge, and were adjusted
periodlcally throughout the experiments to maintain resting base-
line tension. Tissues were always equllibrated for one hour
~ prior to testing drug responses.' All drugs at all dilutions
were added into the 18 milliliter organ baths in volumes of 0.18

ml. to minimize dilution of the physiological saline.
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Protocol and Analysis of Drug Dose Response Experiments

Cumulative dose responses obtained from mesenteric veins
.1n orgaﬁ baths were perforwmed in the following manner in most
experiments. Tissues were divided into longitudinal halves and
a centrol cunmulative dose reSponse curve was obtained from each
half of the tissue. All subsequent responses were obtained by
the cumulative dose method, and then were expressed as a percen-
tage of the control maximum. One half of the veins were then
treated with diazoxide at a concentration of 10‘4}M. After 15
minutes exposure to diazoxide, a dose response series with the
agonist drug was obtained from both the diazoxide treated and
fhe untreated (tiﬁe control) halves of each vein. A crossover
.manoeuver was then performed; the previously diazoxide treated
half of each vein was left untreated, and the former time control
half was pretreated with dlazoxide. A second dose response series
was then obtalned from both halves of the.vein° Use of this
method serves two purposes. The firet is that, as the experimen-
tal strip is always eompared to a time control from the same
vein errors in analysis due to chahges in responses attributable
to exhaustion or degeneration of the lsolated preparation over a
period of time may be minlimized. The second is that the cross-
over design is a test for reversibility of the dlazoxide inhibi-
tion of contraction. The data, as presented, represent the mean
results from at least four different animals for each experiment
and are presented with the standard error of the mean for each

experimental point.
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RESULTS

Sucrose Gap Experiments

Our observations on the rabbit anterior mesenteric vein in
the sucrose gap apparatus were similar to those reported by Cuth-
bert and Sutter (1965) and by Holman et al. (1968). When the
1naét1ve side of the apparatus was filled with depolarizing K+t
Krebs' solution, resting membrane potentials of some 20 mV (range
15 to 25 mV) were recorded (Figure 3A). Superimposed on this
resting potential were small spikes and depolarization "hillocks"
of some 0,15 to 0.5_mV amplitude. Electrical activity was seen
in most cases to just precede contractions (Figure 3B). Occasion-
ally a lack of correlation was observed between the electrical
spikes and contractibns of the vein.

In the presence of diazoxide (10""L

M), the spontaneous elec-
trical and contractile activity ceased and spontaneous activity
did not return so long as diazoxide remained in the bath. This
quiescence was assoclated with a slight hyperpolarization in nine
of twelve veins tested. Normal spontaneous activity resumed
some 10 to 20 minutes after diazoxide had been washed out of the
bathing solution. A diazoxide concentration below 10”5 ¥ had no
effect and 10-% M caused complete inhibition of spontaneity.
Relaxation of tension from the resting baseline level of 500 mg.
was not observed at any dose of dlazoxlide tested (10'6 to 2 X 10-%
" M). Chlorothiazide, at a concentration of 1074 M, had no effect
upon spontaneous activity as observed in the sucrose gap apparatus
(Figure 3D).

Noradrenaline, serotonin, and procaine all caused 1ncreased

electrical activity and some degree of depolarization in mesenteric
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Sucrose gap (upper trace) and tension (lower trace)
recordings from rabbit anterior mesenteric vein.

Panel A shows the measurement of membrane poten-
tial before, during, and after depolarization (arrow)
of the lower half of the vein with K* solution in the
"inactive" side of the apparatus. The electrical trace
is amplified on the right side of the panel.

Panel B i1s a control trace showing the relation-
ship between spontaneous electrical and contractile
activity. Electrical activity immediately precedes
each contraction.

Panel C shows the effects of diazoxide (DIAZ) at
10-% upon the, vein. Hyperpolarization and inhibi-
tion of spontaneous mechanical and electrical activity
can be seen.

Panel D shows that chlorothiazide (CTZ) at 10-% M
has no effect on mechanical or electrical events.
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veins (Figure 4A,B,C). Contractions~1hduc¢d by these agents were
asspciated with increased electrical activity in all cases., All
three drugs were capable of contracting veins in which spontan-
eous activity had been abolished by diazoxide at 10'4AN. These
contractions, like those 1n untreated velns, were assoclated with
depolariiation and 1ncr¢ased spike activity.

In veins that had been treated with 10-% M diazoxide, increas-
ing eiternal celcium concentration up to 5.0 mM in Krebs' solution
falled to restore.spontaneous activity. Addition of strontlum,

a cation which has been observed to substitute for calcium td

éome degree in contraction coupling but without the membrane
Stabillzing effecté of calcium, also falled to restore spontaneous
,activity,.even when gdded to Krebs? solution in concenﬁrations up
to 5.0 mM.

The addition of a 2.5 mM concentration of EGTA, a highly
speclfic calcium chelating agent,_to the Krebs'! solution bathing
the veiln caused a marked depolarization without an associated
contraction. This resembled very closely the response elicited
from a vein by changing 1its bathing solution from one with nor;al
calcium content (2.5 mM) to a zero calcium solutlon.

When calcium chloride was replaced completely in the bathing
solution with strontium chloride, spontaneous contractions and
electrical activity were maintained (Figure 4D). Electrical de-
polarization hillocks assumed an elongated configuraﬁion upon
which many action potential splkes were superimposed. The elec=
trical activity appeared more intense than in calcium containing
Krebs' solution. In velns treated with EGTA at 2.5 mM, whilch was

then washed out wilth zero calcium solution, strontium chloride at
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Sucrose gap (upper trace) and tension (lower trace)
recordings trom rabbit anterior mesenteric vein.

Panel A shows the effects of noradrenaline (NA) at
10~7 g/ml. Depolarization and increased rate of firing
associated with contractions are evident.

Panel B shows the effects or serotonin (5HT) at
10‘6 g/ml. Some depolarization and a marked increase
in rate of firing may be seen in association with in-
creased contractile activity.

Panel C shows the effects of procaine at 1074 g/ml.
in the vein. A marked depolarization and increased fir-
ing rate are seen in association with increased contrac-
tile activity.

Panel D shows the effects of adding strontium chlor-
1de (2.5 mM) to a zero calcium Krebs' solution bathing
the vein. Spontaneous activity 1is restored and a pro-
longed multi-spike complex 1is evident.

L
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2.5 mM was capable of initiating spontaneous mechanical and elec-
tricel activity. Diazoxide at 10-% M inhibited all spontaneous
'activity induced by strontium. | | |

The results of diazoxide treatment of guinea-pigitaeniavcoli
and of estrogen-~dominated rabblt uterus are shown'in Figure 5 top
and centre panel respectively. Spontaneous activity in the taenia
coll from three animals was inhibited in the presence of diazoxide
at 2 X 10‘4 M. At lower concentrations, 1nh1b1tion of spontaneous
activity'took longer and was leés complete. Even at a dlazoxide
concentration of 2 X 10~% M some slow wave electrical activiﬁy
remained although spikes were abolished completely.

o Two uterine strips from two rabbits respdnded to dliazoxlde
in a mannér similar to the taenia coli and the veins. At a diaz-
oxide concentration of 10-% I, spontaneous activity was arrested
.in the uterine strips. Electrical multi-spike complexes were first
converted to single spikes, and-after approximateiy two minutes,
the membrane.became quiescent. Nelther hyperpolarization nor re-
laxation were observed in the sucrose gap apparatus. In addition,
the spontaneous contractions of uterine strips from four other
rabbits were also 1nhib1teq with diazoxide at 10~% M when examined
in organ baths.

Intracellular Recording From Isolated Rabbit Heart Tissue

Diazoxide caused no change in the duration, rate of rise,
or rate of fall of actibn potentials obﬁained by intracellular
microelectrode recording from isolated rabbit atria and right
papillary muscle driven by electrical stimulation. Diazoxide was
tested on heart tissue in concentrations of up to 2 X 10-% n

(Figure 5, bottom panel). Diazoxide had no effect on the rate of
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The effect of diazoxide upon electrical and mechanical
recordings from isolated guinea-pig taenia coli, estro-
gen-dominated rabbit uterus, and rabbit heart papillary
muscle.

The top panel is a sucrose gap record from taenia
coli (upper trace, electrical; lower trace, tension).
Diazoxide (DIAZ) at 10~7 I indicated by the arrow,
inhibits spontaneous activity and hyperpolarizes the
membrane. ‘

The centre panel is a sucrose gap record from
uterus. Electrical and tension traces are arranged as
in the top panel. Diazoxide (DIAZ) at 10-% M caused
inhibition of spontaneous activity. No hyperpolariaz-
tion is evident.

The bottom panel shows membrane action potentials
from a single cell of cardiac papillary muscle obtained
with intracellular microelectrode recording. Each
frame was taken at 15 second intervals. Diazoxide (DIAZ
was added between the first and second frames at 2 X 10~
M. No change in configuration of the action potential
is evident after dilazoxide treatment.
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spontaneouély beating atria mounted in the organ bath., As well,
diazoxide caused no changé in the resting potentlal of heart
tissue measured intracellularly over time periods ranging frbm
three to twenty minutes.

Transmural -Stimulation of Veins

Rabbit anterior mesenteric veins contracted in response to
an electrical stimulus applied with tﬁe apparatus described.
Threshold for these responses was of the order of 4 volts at out-
put, and.at a frequency of 10 Hz. using the AEL stimulator. A
maximum contractile effect was obtainedat 4 volts and 60 Hz. with
this device. Phentolamine at 10-6 g/ml. abolished responses to
transmural stimulation in only one of the four preparations tested.
In that' same vein, 10=% ¥ diazoxide caused consideréble inhibition
of the maximum contraction achievable by electrical stimulation
in this vein (only 25 per cent of control responses remained).
The maximum contraction achievable bthransmural stimulation in
this vein was far below that obtailned with noradrenaline at ].O"'6
g/ml. (a concentration that producéd some 80 per cent of maximum
contraction). |

In three other anterior mésenteric veins, neither phentola-
mine at 10-6 g/ml. nor fetrodotoxin at 2 X 10-6 g/ml. completely
blocked contraotibn induced by‘electfical stimulation although
contractions were diminished by nearly half. Diazoxide at 10-4 i
blocked one quarter of the remalning contractile response to each
stimulus.

Effects of Diazoxide on Contractile Responses to Drugs

" Noradrenaline

Cumulative dose responses to noradrenaline were obtained
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from the anterior mesenteric veins of eight rébbits (Figure 6).
The noradrenaline bath concentration at which a contractile re-
sponse was Just achieved was between 10-9 and 10"8 g/ml. Maii-
mum vein contraction was achieved at a noradrénaline concentra-
tion of 10-5 g/mlo Time control and crossover control response
curves very closely corresponded to the original control response
curve. The experimental (10-% M diazoxide treated) and cross-
over experimental responses were also very nearly identical with
one another. Diazoxide, at 10°% ¥ or 4.28 X 107%* M (10‘4 g/ml.)
causéd.aAtenfold, paréilel shift to the right of the noradrenaline
dose response curve. At the maximum noradrenaline concentration
tested (105 g/ml.) there was no overlap of the standard error

of the means of the diazoxide treated veins and their time con-
trols (p=less than 0.001).

Four experiments were conducted to test the effects of diaz-
oxide (10-% g/ml.) upon dose responses to noradrehaline of mesen-
teric veins bathed in Krebs? soluﬁion contalning different con-
centrations of.calcium chloride (0.25 to 5.0 mM). No consistent
effect upon diazoxide inhibition of contraction was observed when
the calcium content of the bathing solution was increased.

Noradrenaline dose response curves were also obtained from
veins that had been depolarized by exposure to ouabain at lO"5 M
for one hour. The contractions obtalned with noradrenaline in
the presence of ouabain were less than those from untreated veins.
Reproducible dose response curves were obtainable, however (Figure
7). Between noradrenaline concentrations of from 10-8 g/ml. to
10-6 g/ml.,, the control responses, the time control responses,A

-and responses from dlazoxide (10-k m ) treated veins were nearly
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The effect of diazoxide upon noradrenaline dose re-
sponses of the rabblit anterior mesenteric vein.

1azox&de (DIAZ) at a concentration of 10-% g/ml
(4,28 X 10-¥ }) caused an increased threshold for con-
traction and a parallel shift to the right of the nor-
adrenaline dose response curve. The crossover experi-
ment 1s not 1llustrated, but results from the crossover
indicate complete reversibllity of the dlazoxide inhibi-
tion of noradrenaline contraction. The effect of diaz-
oxide at a concentration of 10-% )M was similar. The
vertical bars represent the standard error of the mean
for eight veins,
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The effect of diazoxide upon noradrenaline dose
response curves from rabbit anterior mesenteric veins
treated with a depolarizing concentration of ouabain.

Diazoxide was observed to have no significant
effect upon noradrenaline dose responses obtained
from ouabain depolarized veilns. No crossover experi-
ment was performed. The vertical bars represent the
standard error of the mean for five veins.
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indistinguishable. At noredrenaline doses from ZLO’6 g/ml. to

2 X 10'5 g/ml., the time control and experimental responses are
somewhat dissimilar, aithough the standard errors of the mean

at maximum response'(z X 1?'5 g/ml. noradrenaline) are virtually
'contiguous: experimental,:88.4 per cent z 2}2'S.E.; time con-

| trol, 94.7 per cent T 3.5 S.E.. (p=greater than 0.10). It would |
_appear that the maximum response achievable under these condi-

o-4
‘M. No crossover was performed with the ouabain treated veins andd'

no experiments were performed using increased calcium concentra-

{
|
i

“tions.
Serotoniﬁ o
Cumulative dose response curves to serotonin were obtained

from 1solated anterior mesenteric veins of four rabbits. "The
threshold concentration for contraction to serotonin was 107 -8 g/ml.
Iand maximum responses were'obtained at 3 X 10-% g/ml. The results

. of the serotonin responses'are illustrated in Figure 8. Diazoxide

o caused a marked increase in the threshold concentration of sero-

tonin required for contraction and a marked decrease in the re-
’,sponse»to the maximum.concentration of serotonin used (3 X 10“4
g/ml.). The crossover demonstrated that diazoxide 1nh1b1tioc of
- serotonin contracﬁions was reversible.

whenvserotonin was tested upon four different rabbit anter-
;or mesenteric veilns treated with ouabain 10~5 M for at least
one hour either no or verj little contraction response was ob-
tained. As a result, diaﬁoxide was not tested further in this
situatioh.'.When calcium'ooncentrations were altered between

0.25 and 5.2 md, in the béthing solution, no consistent changes
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The effect of diazoxide upon serotonin dose response
curves from rabbit anterior mesenteric vein.

Diazoxide at 10’“ M caused an increase in the
threshold concentration of serotonin required for
contraction. 1In addition diazoxide reduced the max-
imum achievable contraction to serotonin (5HT) within
the concentration limits used. A crossover (X-OVER)
was performed in this case and diazoxide inhibition
was apparently reversible. The vertical bars repre=-
sent the standard error of the mean for four veins.
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could be observed upon the ability of diazoxide to inhibit con-
tractions induced by serotonin.
Procaine

The effects of diazoxide at 10°% M were examined upon pro-
calne dose response curves obtained from nine anterior mesenteric
veins (Figure 9). Threshold contraction response to procaine
occurred at a concentration Jjust below 10-5 g/ml. A maximum
response to procaline was observed at 10-3 g/ml. concentration.
When the velns were pretreated with 10'4 M diazoxide, the shape
of the dose response curve was altered considerably; There was
a shift of contraction threshold concentration of more than ten-
fold to the right. Time control responses remained virtually
identical to the original control. The inhibitory effects of
diazoxlide upon procaine induced contraction apparently were sur-
mountable by increasing the concentration of procaine, At
the maximum procaine concentration tested (103 g/ml.) there
was very nearly an overlap of experimental (88.3 per cent f 8.3
S.E.) and time control curves (95.7 per cent ¥ 2.3 S.E.) (p=less
than 0.10 and greater than 0.05). When calcium concentrations
were raised to 12 mM in a Ringer solution, there was no discern-
able etfect upon the diazoxide antagonism of procaine. In four
ouabain depolarized veins (treated with 10-5 M ouabain for one
hour), procaine was unable to elicit a contractile response from
the mesenteric veln,

Calcium Contractures in Depolarizing Solution

In initial experiments, slx halved veins were equilibrated
in normal Krebs' solution, after-which the bathing solution was

changed to‘a zero calcium Kt Krebs'! solution. A contraction then
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The effect of dlazoxide upon procainé dose response
curves from the rabbit anterior mesenteric vein.

Diazoxide at lO"LL M caused an increase in the
concentration of procaine required to initiate con-
traction. The effect appeared similar to a parallel
shift of the control dose response curve to the right.
A crossover experiment was not performed with procaine.
Maximum responses were statistically similar (p=less
than 0.10, greater than 0.05). The vertical bars

represent the standard error of the mean for nine
velns. : '
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occurred which relaxed graduélly. After repeéted washing, the
tension on the vein‘returned to a baseline level (500 mg.).
Caldium chloride was then added in cumulative stages to obtain a
cumulative calcium dose response curve. The results obtained
were not consistently reproducible, probably due to precipitation
of calclium phosphate in the Krebs' solution at concentrations of
calcium above 3 mM.

Because of the difficulties with Krebs'! solution precipita-
tiohs elght veins from eight rabbits were subjected to the sane
' experimental conditions using a phosphate free Kt Binger solution
(Figure 10). BReproducible dose response curves were obtained
when calclum was added back to the bath fluid. A maximum con-
traction was observed in the velns at a calcium concentration of
3 X 10"3 M and the minimum concentration that would produce con-
traction was close to 105 M. The experimental hélves of the veins
pretreated for 15 minutes with 1074 n diazoxide, responded in a
manner highly suggestive of a non surmountable antagonism when
compared with the time controls. The threshold for contraction
remained virtually the same in the time control and diazoxide
treated veins; Diazoxide treated halves never achieved contrac-
tion amplitudes equivalent to those of the time control halves
(p=less than 0.025, greater than 0.0l). The crossover experiments
showed that diazoxide antagonism of calcium chloride was rever-
" sible. The crossover control and crossover experimental curves
were virtually identical with the time control and experimental
curves respectively. |

The effects of hydrochlorothiazide at a concentration of

10“4 M were also tested upon calcium contractures in zero cal-
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The effect of diazoxide upon calcium dose responses
in K* Ringer solution.

Dilazoxide caused a decrease in the maximum con-
tractile effect of calcium chloride at concentrations
of up to 3 X 10-3 M. A crossover experiment demon-
strated that this inhibitory effect of diazoxide was
reversible. The crossover 1s not illustrated. The
vertical bars represent the standard error of the mean
for eight veins.
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cium K¥ Ringer solution. This benzothiadiazine, however, did

not exert any demonstrable effect upon calqium induced contrac-
tions (Figure 11). AThe controlldose response curves in this
series resembled'those of the dlazoxide experiment. However, the
hydrochlorothiazide series was cafried to a calcium concentration
of 3 X 10=2 M, a concentration ten times the maximum used pre-
viously. At this high concentration, an additional contraction
was observed beyond thé maximum at 3 X 10-3 M caleium. No further

observations were made regarding this additional contracture.
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Figure 11. The effect of hydrochlorothiazide upon calcium dose
responses in K¥ Ringer solution.

Shown are the control curve (CONTROLS) obtained
from both halves of four veins. The hydrochlorothia-
zide (HCTZ) and time control curves obtained from '
four half veins are shown with the standard error of
the mean (vertical bars) for each point. The time
control and experlimental_curves are not significantly
different: at 3.0 X 10~3 u cat*, p 0.5,

Note the unexplained contraction that developed
at very high calcium concentrations (3 X 1072 K),
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DISCUSSION

‘Diazoxide and Electrical Membrane Phenomena in Smooth Muscle

.- The results from the sucrose gap experiments on isolated
smooth muscle indicate that dlazoxide is active at a membrane
site as measured by electrical events in each of the three
tissues examined: rabb;t mesenteric vein, guinea-pig taenia
coll, and estrogen dominated rabbit uterus. Spontaneous activity
is inhibited in all three preparations within a very short time.
In the vein‘and taenia coli, this inhibltlion of spontaneity was
associated with some degree of membrane hyperpolarization, but
this was not observed in the uterus. Spike generétion in the
uterine strips was converted from multli-splke complexes to
single splkes before being abolished completely.

"Similar results t§ these can be obtalned if calcium con-
centfgtions are altered in the solution bathing the isolated
smooth muscle. Increasing the calcium concentration has been
shown to hyperpolarize the isolated rat portal vein (Axelsson
et al., 1967), the isolated uterus (Bulbring, Casteels, and
Kuriyama, 1968), and the isolated gulnea-plg taenia coli
(Brading, Bulbring and Tomita, 1968). Conversely, these
éuthors demonstrated that removal of calcium from soiution
bathing isolated smooth muscles has é depolarizing effect in
each of these types of smooth muscle. An increased calcium
- concentration has been shown to increase the rate of spontaneous
firing in uteri from estrus animals (Bulbring et al., 1968),
but to decrease the rate in rat portal vein (Axelsson et al.,
1967) and in guinea-pig taenia coli (Bulbring and Kuriyama,
1963; Brading et 8l1.,1969).
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1f diazoxide inhibits spontaneous contractions by antagon-
4zing calcium, as suggested by Wohl et gl. (1967, 1968 a,b)
1n.the case of drug induced contractions, it is unlikely that
it acts in the manner of a chelating agent. Adding the chelat-
ing agent EGTA, or changing the bathlng solution to one contain-
ing no calcium, results in deﬁolarlzation and loss of.electrical
membrane stability in sﬁooth muscle; whereas diaioxide would ap-
pear to stabilize the membrane potential. It 1s concelvable
that calcium, eilther adsorbed on the cell membrane or at more
specific sites, may act to stabllize cell membrane electricai
activity in smooth muscle in a similar manner to that suggested
by Frankenhauser and Hodgkin (1957) in the squid axon. It is
‘tempting to speculate that an enhancement of calcium»sﬁabiliza=
tion of the membrané of vascular smooth muscles might be_the
mechanism of action of dilazoxide as an antihypertensive agent.

Diazoxide has been shown to redﬁce the ionic activity of
-calcium in aﬁueous solution, perhéps by a chelating or complex-
ing action. If a calcium diazoxide complex were adsorbed onto
the cell membrane, it is possible that this might serve as a
stabilizer: a calcium channel or other membrane route for calcium
ion flux could': be blocked, perhaps in a similar manner to the
sodium blockade effected by tetrodotoxin in nerves (Kao, 1966;
- Moore and Narahéshi, 1967). Such a mechanism would explain the
apparent speciflicity of dlazoxide in antagonizing spbntaneous
actlvity in certain smooth muscles apparently possessing calcium
mediated action potentials, and not in cardiac tissue, which
has a definite sodium mediated action potential spike (albeit

with a detinite but delayed calcium component) (Reuter and
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Beelér, 1969a, b.). The influx of calcium expected in tissues
with a calcium spike mediated action potential (Goodford, 1968)
should be limited by the calclum carrying capacity of the cell
membrane. If thils capaclity were reduced in Smooth muscle, one
would expect diminished excitability and contractility. The
observation that an increased calcium concentration in the solu-
tion bathing mesenteric veins had no effect on the ability of
diazoxide to inhibit spontaneous motility, and failed to restore
spontaneous activity in veins inhibited by dlazoxide, may mean
that a critical calclum component (perhaps membrane bound cal-
cium) could become saturated with diazoxide or a diazoxide-cal—
cium complex with which tree cealcium lons, necessary for spon-
taneous activity, do not effectively compete.

Strontium, which has been shown to possess membrane "labliliz-
ing" propexrties, 1s capable of supporting spontaneous action po-
tential activity in mesenteric veins 1n the absence of calclum.
The present results, which demonstrate that diazoxide at 10-% &
can inhibit spontaneous gactivity in mesenteric veins bafhed in
either strontium or calcium containing solutions, may mean that
the drug acts in a manner that interferes with a function of
calcium that may also be mediated by strontium.

Two membrane roles for calcium in vascular smooth muscle
have been postulated. Calcium probably carries the action po-
tential spike in rabbit anterior mesenterlic vein, and has been
demonstrated to act as a membrane stabilizer (Axeisson et al.,
1967). It is possible that these two properties ot calcium are
distinct and separate. If this is so, membrane electrical ac-'

tivity in vascular smooth muscle could be blocked at either site



of action of calcium.

The inhibitory effects of diazoxide upon vascular smooth
muscle motility may be explained in terms of an effect on cal-
cium. First, 1f'the action of diazoxide upon calcium is anal-
ogous to that of tetrodotoxin on sodium permeability in excitable
tissues, a blockade of calcium mediated actlion potentials would
be expected. If, on the other hand, dlazoxide aéts to increase
membrane.stability by an effect on calcium, this also would ex-
pléin the inhibitory action of the aéent on spontaneous motility -
in the mesenteric vein.

Strontium, as a calcium analogue, is apparently capable of
carrying action potential spikes in the mesenteric vein, and this
activity can be inhibited by diazoxide. Strontium, however, po-
ssesses little of the stabilizing properties possessed by calcium
(Hotta and Téuiki, 1968). Further, diazoxide is capable of sup-
pressing strontium medlated spontaneous actlvity even in mesenter-
ic velns that have been treated with EGTA and then washed in
zero calciﬁm solutions to remove all divalent cations. Under
such conditions, when strontium is introduced into the solution,
it is unlikely to exert a membrane stabilizing action. In fact,
the inhibitory effect of diazéxide under these conditions appears
similar to that observed in normal calcium solutions.
| It 1is possible to infer from these data that the primary
action of diazoxide in inhibiting spontaneous motility is likely
the blockade of calcium action potential spilkes. This tentative
conclusion 1is predlicated on a direct involvement of calcium withv
dilazoxide. This need not, of course, be an exclusive action of

the drug. However, in the context of the effect of diazoxide
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upon excitation contraction coupling 1n'vascular smooth muscle,
a modification of the biological role of calcium is a likely
mechanism of action of diazoxide.

The sucrose gap apparatus as used, does not lend'itself to
~ further analysis of the cell membrane effects of diazoxide. It
must be remembered that the sucrose gap device records the al-
gebraic sum of electricai events from a large population of cells
and thus is not sultable for obtaining specific informetion con-
cerning drug effects upon a given cell. This is especially true
in tissues such as the rabbit anterlor mesénteric vein which do
not comﬁrise an especilally good syncitium (Cuthbert, Matthews,
and Sutter, 1965). ‘Because of these limitations with the sucrose
gap, attempts were made to record intracellular potentiéls from
1solated rabbit veins using intracellular glass micfoelectrodes.
This proved unsuccessful, most probably because of the small size
of the smooth muscle’ceilé (2 to 3 microns wide and some 10 to
15 microns long) and because of thé difficulties of intracellular
recordihg fiom a tissue that 1s spontaneously motile. The advan-
tages of intracellular recofding would have permitted measurement
of true membrane potentials rather than the relative measurement
avalilable with the sucrose gap technique. Further, it would
have been possible to examine the effects of diazoxide upon evoked
action potentials from the mesenteric véin with intracellular
recording. This would have enabled determination of action po-
tential configuration and excitation threshold changes not
obtainable with the sucrose gap.

| Transmural Stimulation of Rabbit Anterilor Mesenteric Veins

Diazoxide inhibited electrically induced contractions in
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rabbit anterior mesenteric veins. Those contractions due to
direct electrical stimulation of the vasculai smooth muscle were
1nsensiﬁ1ve to tetrodotoxin or phentolamine, as were myogenic
spontaneous contractions. Presumably these contractibns were
initiated by depolarization of vascular smooth muscle cell mem-
bi'anes° Diazoxide, 1nAinh1b1t1ngvthese contractions, apparently
blocked excltation of the membranes or disrupted'the excitation
contraction coupling process between membrane depolarization and
muscle contraction.

Those contractions due to electrical stimulation of nerve
endings within the vein were sensitive to tetrodotoxin or phen-
:ﬁolamine, as #ould be expected (Holman and MCLean, 1967; Hughes’
‘and Vane, 1967). Tetrodotoxin diminishes neuronal excitability
and phentolamine blocks the actlon of the présumptive'neurohumor
- released: noradrenaline. In othér words, diazoxide would appear
to block contractions due tq release of endogenoﬁs noradrenaliné;

With the apparatus used, the maximum response obtalnable from
veins was inhibited by diazoxide. Presumébly this was due to a
reduded membrane excitability attributable to dlazoxide. This
need not mean however, that the tissue was rendered incapable
of membrane electrical activity: sucrose gap recordings showed
that the quiescent membrane (1hh1bited by diazoxide) could still
be excited by noradrenaline, serotonin; or procaine. This indi-
cated that although excitation might be diminished by diazoxide,
the membrane was still capable of supporting action potential
activity under the appropriate stimulus. |

 Cardiac Muscle and Diazoxide

Diazoxide was observed to have no effect upon the configur-~
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atioﬁ of the rabbit heart action potentials ekamined. This ob-
servation may mean that diazoxide is unable to affect the ionic
calcium current component of the cardiac gction potentilal. In
addition, spontaneous atrial rate and contraétility were complete-
ly unaffected by dlazoxide. Several points, however, might be
réised concérning the nature of these experiments. Orkand and
Niedergerke (1956) remarked that the full effect'of calcium ion
concentration changes on frog ventricular action potentials could
not be observed when the heart muscle was stimulated more than
once.p.er'minute° .In ﬁhe present experiments, rabbif atria and
papillary muscles were driven at rates very close to one per
second. It 1é possible that any influence of dlazoxide might be
more readlly observéd under stimulus rates simllar to those used
by Orkand and Niedergerke (1956). Another criticism of the heart
experiments 1is that 1f'calcium 1qn flux was being affected by
diazoxide, any such effect might be examined‘better by measuring
currents rather'than potentials. The method of\Reuter and Beeler
(1969a,b.) for voltage clamping of cardiac muscle would be applic-
able to such an experiment.

Effects of Diazoxide Upon Druz Induced Contractions

The effects of diazoxide upon dose response curves of nor-
adrenaline, serotonin, and procaine demonstrated the involvement
of the excitable cell membrane of vascular smooth muscle as in-
tegral to the inhibitory effect of diazoxide upon contractions
to these drugs. Noradrenaline dose response curves showed this
clearly by the differences observed between the effects of dlaz-
oxide on ouabain depolarized rabbit anterior mesenteric veins |

and on normally polarized wvelns, Diazoxide was not capable of
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eliciting a significant change in noradrenaline dose response
curves obtained from depolarized veins. In normally polarized
veins, on the other hand, diazoxide caused'an apparently éompetia
tive and reversible type of inhibition of the dose response curves
to noradrenaline. Although excitation contraction coupling in
aortae and in mesenteric veins may differ, (as multiunit type
differs from single unit type of smooth muscle) and the two tis-
sues may respond differently in some regards to various drugs,
it 1s likely that the antagonism observed between noradrenaline
and diazoxide with the veins, is similar to that observed by Wohl
et al. (196?) with aortic strips, 1i.e., diazoxide does not com-
pete directly with noradrenaline. |

Noradrenaline may cause contractions either with the membrane
potentials of vascular smooth muscle intact or in depolarized
muscle. The same pathways of exéitation contraction coupling
need not be followed in the two cases. In depolarized veins, one
would expectlthat the sequence of events inlitiated by membrane
depolarization would be eliﬁinated or altered. Thus, a drug that
causes contraction may do so elther by reléasing sequestered
stores of calcium or by permitting an influx of calcium from the
external bathing solution. It is not known what effect altering
calcium concentrations would have upon noradrenaline contractions
in the presence of ouabaln or the effect of diazoxide upon such
contractions.

Serotonin contractions of the anterior mesenteric vein of
rabbits were markedly inhiblted by diazoxide. Inspection of the
dose response curves obtalned suggests a reversible type of inter-

action. It is not possible to state the definite nature of the
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competition observed, because serotonin 1s an agent which is not
as efficacious as noradrenaline in causing ébntractions in the
veins and it may be that the apparently insurmountable nature of
the 1nteraction may be due only to concentrations of Serotonin
insufficiently high to effect maximum contracture. 1In any case,
serotonin is capable of contrécting mesenteric veins only poorly
in tissues exposed to a'depolarizing concentrafion of ouabain.
Thus it would appear that serotonin depénds to a large extent
upon its ability to depolarize and excite the membrane in order
to induce contractions. Therefore, one might conclude that in
the caée of serotonin as with noradrenaline contractions, diaz-
:oxlde exerts its inhibitory action on serotonin induced membrane
_exgitatiohe

The nature of diazoxide antagonlsm of procalne contractions
leads one to similar conclusions. The efflicacy of procaine as
a contractile agent is due apparently only to 1té ability to
excite the nbrmally polarized membrape because procaine fails
completely to contract ouabain depolérized rabbit mesenteric
veins (Sanders, 1969). Diazoxide inhibits procaine induced con-
tractions in the mesenteric vein ih an apparently surmountable and
reversible manner.

Contractions initiated by calcium chloride upon mesenteric
veins immersed in depolarizing Ringer solution were also inhibited
by diazoxide. The purpose of performing thls experimental series
was to attempt to determine whether calcium could be antagonized
directly by diazoxide, as suggested by Wohl (1967, 1968a,b.).

The results indicate a definite, apparently insurmountable, but

reversible inhibition of calclum contractures by diazoxide at}lO'”
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M. Hydrochlorothiazide, tested under the same conditions upon
another.series of mesenteric veins, demonstrated no ability to
diminish calcium contractures. |

' The locus of action of the calcium used in this series of
experiments with K* depolarized veins is not certain. Nor for
that matter is the locus of the diazoxide interaction known with
certainty. It is reasonable to speculate, however, that calcium
exerts its contractile effect by a direct influx across the cell
membrane to activate contractile proteins. If this is ﬁhe case,
diazoxide could be acting in several ways. First, diazoxide could
be enteilng thevcell along with calcium and'competing with cal-
cium ét the muécle protein site, This 1s unlikely, however, as
diazoxide 1s a reasonably lérge molecule and its inhibitory
activity is readily reversible in regard to calcium contractures.
This reversibllity would be unlikely if the agent were bound to
internal muécle proteins. More likely, diazoxide acts at the
surface of the tissue to reduce the influx of calcium postulated
to ceause contraction in depolarized veins.

Although a further possibility ot testing diazoxide-calcium
would be to use calcium to contract glycerinated preparations of
smooth muscle, thié‘was not explored. It was felt that the results
obtainable would reflect only the effect of diazoxide upon re-
ducing the ionic activity of a calcium solution.

Another possible mode of action for diazoxide 1s 1its ability
to inhibit 3',5%=cyclic adenylic acid (cyclic ANP) phbsphodies-
terase. It might be that the c¢yclic nucleotide mediates relax-
ation in the mesenteric vein. Caffeine, a well known inhibitor

of the phosphodiesterase (Drummond, 1967) has an effect upon mesen-
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teric veins much like that of diazoxide: reléxation and inhibi-
tion of spontaneous electrical activity (Somlyo, 1968b). Simi-

larly. isopropylnoradrenaline, like adrenaline an adenyl cyélase
stimulant (Drummond, 1967). is capable of 1nh1b1t1ng spontaneous
activity in rat mesenteric veins (Johansson et al., 1967) and

of relaxing depolarized uterus (Schild, 1967).

The effect o1 depolarlzation with ouabaln on the cyclic ANMP
content of rabbit mesenteric vein is unknown. Diazoxide, under
these conditions, fails to inhibit noradrenaline contractions.
An expiahation of this observation maj await correlétive infor-
mation on the cyclic nucleotide 1n.depolarized veins.

It is néﬁ inconceivable that at a metabolic level, prhospho-
diesterase inhibition by diazoxide might be its mechanism of ac-
tion. Neither this consideration nor the calcium competition pos-
tulated by .Wohl (1967, 1968a,b) need be mutﬁally exclusive. No
attempt, however, was made in these experiments to investigate
the metabollc basis of diazoxide action upon smooth muscle.

In summary, diazoxlide would appear to be effective as an
inhipbitor of smooth muscle contraction chiefly because of its
effect upon biological membranes. The specific site remains
unknown, but may relate to the role of calcium in regulating the
excitablility of active cell membranes., The fact that dlazoxide
inhibits spontaneous actlivity of the anterlor mesenteric vein
mey or may not have functional significance in hypertension.
Conceivably, one could éxamine the microcirculation in mesentery
or in the bulbar conjunctivum (Lee, 1951; Jackson, 1958) to see
whether inhibition of spontaneous vasomotion would take place |

in the mlcrocirculation ot the intact organism in response to
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injected diazoxide. If inhibition of spontaneous vasomotion
were affected by dlazoxlde in hypertensive patients, this might
explain the rapid antihypertensive action of this agent combared
with chlorothiazide or hydrochlorothiazide, which did not inhibit

spontaneous motility in the smooth muscles examined.
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