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The level of postganglionic sympathetic nerve activity is

important in determining the tone of vascular smooth muscle, and

subsequent maintenance of normal blood pressure. It is generally

agreed that receptors located on postganglionic nerve terminals

(pre-junctional alpha
2

receptors) are important in the modulation of

neurotransmitter (norepinephrine) release from these nerves. This

pre-junctional membrane is also the major site for the termination of

the action of the neurotransmitter by re-uptake. These studies

investigated the effects of a physiological elevation in sympathetic

nervous system activity by cold-stress on these two important deter-

minants of adrenergic function. The effect of the alpha2 agonist

clonidine on vascular adrenergic neuroeffector transmission was

investigated in caudal arteries from the rat tail. Caudal arteries

were isolated and their responses to electrical stimulation of the

adrenergic nerves and/or to clonidine were assessed. Clonidine was

found to act as a partial agonist at alphal post-junctional receptors

at concentrations above those used for investigation of alpha2 pre-



junctional receptors. Concentrations of clonidine used to selectively

stimulate pre-junctional receptors had no effect on basal perfusion

pressure, but did facilitate the vascular response to exogenous nor-

epinephrine in the caudal artery of the non-stressed rat. Clonidine

was able to inhibit the response to electrical stimulation in arteries

from non-stressed rats in a frequency-dependent manner. It was con-

cluded that clonidine, acting as an agonist on alpha2 pre-junctional

receptors, decreased the vascular response to electrical stimulation.

Rats subjected to cold-stress show increased sympathetic nerve

activity in the caudal artery as evidenced by levels of tyrosine

hydroxylase. Caudal arteries from cold-stressed rats displayed

similar responses to exogenous norepinephrine and clonidine as those

seen in arteries from non-stressed rats, indicating that cold-stress

did not alter the functional vascular response of post-junctional

alphal receptor. Clonidine was able to inhibit the vascular response

to electrical stimulation in cold-stress arteries qualitatively in the

same way as that seen in non-stressed arteries but with a quantita-

tively smaller degree of inhibition. Regression analysis of these

data showed the log frequency-inhibition curve of cold-stressed

arteries to be parallel and shifted to the left when compared with the

non-stressed curve. These data were interpreted to mean that cold-

stress treatment had induced a down-regulation or subsensitivity

of the alpha2 receptors located on the postganglionic nerves of caudal

arteries throughout the range of frequencies tested.

When arteries were electrically stimulated at a constant fre-

quency and the inhibition of the repsonse to varying clonidine

concentrations was measured, the responses to electrical stimulation



in cold-stressed arteries were inhibited to a significantly smaller

degree than the responses in non-stressed arteries. Both log dose-

inhibition curves were somewhat sigmoidal and the cold-stress curve

displayed competitive inhibition when compared with the non-stressed

curve in a Lineweaver-Burke analysis. These data were interpreted to

mean that cold-stress had induced the down-regulation of alpha2

receptors by causing a change in the affinity of the alpha2 receptor

for clonidine.

The mean contractile responses of arteries to electrical stimu-

lation were slightly lower in arteries from cold-stressed rats when

compared with arteries from non-stressed rats. Arteries from cold-

stressed rats were able to take up
3
H-norepinephrine to a greater

extent than arteries from non-stressed rats. This action was signifi-

cant at high frequencies of stimulation while at lower frequencies of

stimulation the difference was not significant. Therefore, these

observations are unlikely to provide a full explanation for the mostly

insignificant parallel shift of the frequency-response control curve

of the cold-stress arteries, since the magnitudes of the changes in

norepinephrine uptake following cold-stress are frequency-dependent,

and not parallel. These studies demonstrate that an elevation of

sympathetic nervous system activity results in significant changes in

the release and re-uptake of the adrenergic transmitter norepinephrine

which may play important roles in both pysiological and pathological

processes.
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The Effect of Cold-Stress on Alpha2 Modulation of Transmitter

Release and Transmitter Uptake in the Rat Caudal Artery

INTRODUCTION

Changes in the vasculature play a key role in maintaining the

internal environment of the organism in response to influences such as

temperature, posture, exercise, and changes in arterial pressure. The

sympathetic nervous system is the predominant mechanism in the control

of the vasculature. The sympathetic nervous system influences the

cardiovascular system mainly through an alteration in the pattern and

rate of its efferent discharge and through changes in the rate of

liberation of catechols from the adrenal gland (Bevan et al., 1980).

The ability to synthesize, store, and release norepinephrine as well

as a re-uptake mechanism, reside in the adrenergic nerves found in the

walls of most blood vessels (Starke & Endo, 1976).

The vascular system is innervated primarily by postganglionic,

sympathetic adrenergic neurons. These are nonmyelinated nerves that

form a plexus in the tunica adventitia of vessels, called the terminal

or ground plexus, that is restricted to the adventitio-medial junction

in the case of the caudal artery of the rat (Bevan et al., 1980).

Transmitter released from this plexus leads to changes in vascular

smooth muscle tone. The plexus is composed of non-myelinated axons

which are .25-.5 micrometers in diameter surrounded by a Schwann cell

sheath. Along each axon, there occur periodic swellings, or varicosi-

ties, similar in appearance to a 'string of pearls' and which are

1.5-2 micrometers in diameter. These varicosities are sites of
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storage for a large number of norepinephrine storage vesicles. A

nerve impulse passing along one axon would successively depolarize a

series of variocosities along its length. The active release of

norepinephrine is initiated by the action potentials generated in the

ganglionic cell body. Action potentials are caused by the influx, at

the prejunctional membrane, of Na+ ions together with an inwardly

directed Ca++ current. Because of the increased Ca++ concentration,

the storage vesicles migrate toward and fuse with the neuronal cell

membrane. When the site of fusion ruptures, the vesicular contents,

mainly norepinephrine, ATP and dopamine beta hydroxylase, are released

in the junctional cleft (Vanhoutte et al., 1981).

The varicosity is usually surrounded by a Schwann cell sheath

except for a bare area usually directed toward the adjacent vascular

smooth muscle cell. Most sympathetic activity probably occurs through

this exposed window of the presynaptic membrane (Bevan et al., 1980).

In addition, this is also an important site of the termination of

action of norepinephrine, through removal from the extracellular

space. This junction between adrenergic nerve endings and vascular

smooth muscle cells is the last site of control for sympathetic

impulses that originate in the vasomotor centers of the brain stem

(Vanhoutte et al., 1981).

In 1948, Ahlquist characterized the relative order of activity of

several sympathetic amines on the hypothetical alpha and beta recep-

tors using several different functions in rats, cats, rabbits and

dogs. He concluded that the alpha adrenoceptor is associated with

most of the excitatory functions (vasoconstriction, and stimulation of

the uterus, nictitating membrane, ureter and dilator pupillae) and one
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important inhibitory function (intestinal relaxation). The beta

adrenotropic receptor is associated with most of the inhibitory

functions (vasodilation and inhibition of the uterine and bronchial

musculature) and one excitatory function (myocardial stimulation)

(Ahlquist, 1948).

However, in 1957 Brown and Gillespie were baffled by anomalous

results. They were measuring the amount of norepinephrine released

from the cat spleen upon varying frequencies of stimulation of the

splenic nerve. Administration of the drug dibenamine (an alpha recep-

tor antagonist), was found to alter the frequency-output relationship.

After dibenamine, the output of norepinephrine became equal at all

frequencies up to 30/sec., and equal to the maximum output in non-

treated animals. Unable to determine the mechanism for their observa-

tion, Brown and Gillespie suggested that the mechanism for the destruc-

tion of norepinephrine at the nerve endings was linked to receptors for

the dibenamine, and these receptors were inactivated by this drug.

In 1971, four groups of workers (Farnebo and Hamberger, Kirpekar

and Puig, Langer et al., and Starke) introduced the concept of the

pre- and post-synaptic adrenoceptors. Up to this time there was

widespread conviction that there was only one type of alpha

adrenoceptor in any one species (Osswald and Guimaraes, 1983). These,

workers proposed that the adrenergic nerve terminal contained

receptors somewhat similar to the alpha-adrenergic receptors of

post-synaptic receptor cells. Activation of these receptors would

lead to diminished release of norepinephrine.

By measuring in vitro, the electrical depolarization-induced

overflow of [3H]- norepinephrine from preincubated tissues, these
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researchers were able to characterize further the structure-activity

relationship of the pre-synaptic alpha-adrenoceptors. These receptors

can be activated by naturally occurring endogenous catecholamines

(norepinephrine, dopamine, epinephrine), and by several synthetic

alpha adrenergic agonists of which clonidine is the prototype (Van-

houtte et al., 1981). In the case of norepinephrine a fraction of the

neurotransmitter released during the process of exocytosis, interacts

with the prejunctional alpha receptors (Constantine et al., 1980).

Such activation results in a decreased release of endogenous of [3R0-

norepinephrine during sympathetic nerve stimulation. Thus, the dis-

charge of norepinephrine evoked by nerve impulses is feedback inhibit-

ed by liberated norepinephrine via pre-synaptic, or more correctly,

pre-junctional alpha receptors. Alpha adrenolytic agents interrupt

this feedback loop and hence augment the secretory response to stimu-

lation (Starke and Altmann, 1973, Rand et al., 1980). This then seems

to explain the "anomalous" findings of Brown and Gillespie (1957)

discussed above.

Results obtained by Starke and coworkers (Werner et al., 1972;

Starke et al., 1972; Starke and Altmann, 1973; Starke et al., 1975)

indicated that pre- and post-junctional alpha-adrenoceptors differ

with respect to the relative potencies of some agonists: low concen-

trations of clonidine and oxymetazoline selectively activate the

prejunctional alpha-adrenoceptors whereas phenylephrine and methox-

amine selectively activate post-junctional alpha-adrenoceptors. These

experiments were all undertaken using in vitro neuromuscular prepara-

tions such as isolated rabbit heart, isolated frog sciatic nerve,
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isolated coronary vessels, cat spleen, rabbit pulmonary artery, rabbit

ear artery, guinea pig uterine artery, etc. (Cohen et al., 1983).

The relative potencies of these agents on pre- and

post-junctional populations of receptors were quite different, and

three groups of agents could be distinguished: (1) agents

preferentially affecting post-junctional receptors, methoxamine and

phenylephrine; (2) those with similar pre- and post-junctional

potency, norepinephrine, epinephrine, and naphazoline; and (3) those

preferentially affecting pre-junctional receptors, oxymetazoline,

normetanephrine, tramazoline, and clonidine. Because there was more

than a 50-fold range in the relative pre- and post-junctional potency

ratio, these studies favored the conclusion that there is a structural

difference between the two groups of receptors. Their similar

sensitivity to norepinephrine (EC50 of both are approximately 10-7M),

is in agreement with a tonic physiological role of the negative

feedback system. Activation by endogenous norepinephrine suggested

that neuronal transmitter release was subject to a tonic inhibition by

a presynaptic alpha-adrenoceptor. The ability of the alpha adrenergic

antagonists to increase transmitter release during tonic nerve

activity strengthened this possibility.

In 1974, Langer suggested that alpha-adrenoceptor-mediated

responses of an effector organ should be referred to as alpha., and

those mediating a reduction of transmitter release during nerve

stimulation as alpha2 (pre-junctional)(Langer, 1974). The existence

of separate structure-activity relationships for pre- vs. post-

junctional receptors, as well as the development of relatively

selective agonists and antagonists, indicates that the
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subclassification of alpha receptors is anatomical as well as

functional (Ruffolo et al., 1980). In this thesis, the terminology

alpha., and alpha2 will be used.

Several circumstances complicate the application of usual

receptor-identifying criteria to the action of mimetic and lytic drugs

on the modulation of norepinephrine liberation. (1) The response

measured (norepinephrine overflow) is the net result of liberation and

inactivation, mainly re-uptake. This difficulty can often be circum-

vented by perfusing tissues with the potent uptake blocker, cocaine.

(2) Norepinephrine is a very potent alpha-sympathomimetic. Thus, even

during a "drug-free" control stimulation period, the natural agonist

is inevitably present in an unknown, and widely varying, concentra-

tion. The addition of a mimetic and/or lytic results in the competi-

tion of two compounds with alpha-receptor activity. (3) Action of

oxymetazoline and naphazoline was only slowly reversible, indicating

strong binding to receptor sites and complicating the interpretation

experiment (Starke et al., 1975; Weitzell et al., 1979; Doxey et al.,

1977a).

Despite these difficulties, the weight of evidence seems to favor

this hypothesis: the alpha agonists (mimetics) decrease the overflow

of norepinephrine in concentrations which do not interfere with the

inactivation of exogenous norepinephrine (Auch-Schwelk et al., 1983).

Cocaine has been shown to increase the stimulation-induced

overflow of norepinephrine, but not that of the enzyme dopamine-beta-

hydroxylase. In contrast, phenoxybenzamine and phentolamine simulta-

neously augment the outflow of norepinephrine and dopamine-beta-
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hydroxylase, indicating an augmented secretion of the contents of

amine storage granules. These results fit into the concept of an

alpha-mediated feedback inhibition of norepinephrine liberation.

Alpha2 receptor-blocking drugs interrupt the feedback cycle at concen-

trations which are free of nonspecific side effects (e.g. norepine-

phrine uptake).

In both untreated and cocaine-treated tissues, the degree of

inhibition caused by alpha-agonists is inversely related to the

absolute overflow of norepinephrine caused by the stimulation period

preceding the infusion of agonist. This is to be expected if endogen-

ous norepinephrine and exogenous alpha-agonist compete for receptors

mediating a restriction of transmitter liberation. If the overflow of

norepinephrine, is high during the pre-drug stimulation period, the

endogenous feedback will be strong and the degree of additional

inhibition caused by exogenous agonist will be little. If the

biophase concentration of norepinephrine is low during the pre-drug

stimulation period, the feedback inhibition will be weak, and the

degree of additional inhibition caused by agonist will be high (Starke

et al., 1972b; Cubeddu and Weiner, 1975).

The norepinephrine-mediated negative feedback system appears to

occur in all adrenergically innervated tissues examined to date

(Starke & Endo, 1976). In general, the effectiveness of the feedback

regulation appears to vary inversely with the width of the synaptic

cleft at a given frequency. The cleft width has a tendency to in-

crease with vessel diameter. This would imply that in smaller diame-

ter vessels, such as the resistance vessels that control blood
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pressure, the effectiveness of feedback regulation of norepinephrine

release would be greatest (Bevan and Su, 1974; Bevan, 1978).

The influence of clonidine on prejunctional alpha-adrenoceptors

and post-junctional alpha-adrenoceptors (mediating smooth muscle

contraction) was compared in superfused strips of the rabbit pulmonary

artery (Starke et al., 1974). The inhibition caused by clonidine was

greater at low (2 Hz) than at a high stimulation frequency (8Hz).

Phentolamine was able to shift the dose-response curve for clonidine

to the right. The presence of norepinephrine in the biophase during

stimulation complicated the calculation of drug-pre-junctional recep-

tor interaction constants; however, it appeared that the intrinsic

activity of clonidine was similar to that of norepinephrine, its EC50

was below 3.7 x 10
-8

M. The combined contractile effect of low concen-

trations of clonidine (3 x 10
-9

to 10
-7
M) and of low frequencies of

sympathetic nerve stimulation (0.25 - 2.0 Hz) was smaller than the

effect of stimulation alone.

In the rabbit pulmonary artery, the apparent affinity of cloni-

dine to pre-junctional alpha2 receptors is at least ten times higher

than its apparent affinity to post-junctional alphal-receptors,

probably because of structural differences in pre-and post-junctional

binding sites (Starke et al., 1974). When impulses reach

noradrenergic nerve endings at physiological rates, low concentrations

of clonidine, due to their preferential pre-junctional effect, reduce

overall post-junctional adrenoceptor activation. The consequence is

alpha2 sympathomimetic inhibition of neurogenic vasoconstriction.

Under physiological conditions in the neuroeffector junction,

action potentials are arriving continuously at the nerve terminals.



9

At low concentrations of the alpha2 agonist clonidine, inhibition of

norepinephrine release prevails. This inhibition is inversely related

to the rate of impulse flow. Therefore, overall post-junctional

receptor activation and vasoconstriction are diminished during low,

but not during high, frequencies of stimulation. Only when the

concentration of clonidine is very high does its agonist interaction

with alpha receptors overshadow the anti-release effect (Doxey et al.,

1977a; Medgett et al., 1978).

Pacha et al. (1975), confirmed the pre-junctional mechanism of

clonidine. In a dose-dependent manner, clonidine inhibited stimula-

tion-induced tachycardia in cats and rabbits. They also demonstrated

that norepinephrine release in response to noradrenergic nerve stimu-

lation was reduced by clonidine, and this effect was antagonized by

phentolamine.

It is now recognized that release of transmitter is not a fixed

or rigid process. Neurosecretion is known to be subject to local

environmental regulation, and there is evidence that transmitter

release can be influenced both in a positive and negative manner by

receptors located on the presynaptic membrane (Vanhoutte et al., 1981;

Osswald and Guimaraes, 1983; Langer, 1981; Starke, 1981; Patel et al.,

1981; Westfall, 1980; Bevan et al., 1980). The complement of

pre-junctional receptors on a particular nerve can modify the action

of that nerve terminal to provide a specificity of response adapted to

the function of a particular organ (Bevan et al., 1980).

A wide variety of neural and hormonal substances can influence

the quantitative release of norepinephrine per nerve impulse by an

action on receptors located on adrenergic nerve terminals and thereby
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greatly influence the concentration of transmitter at the neuroeffec-

tor junction (Westfall, 1980). Of all of those pre-junctional

agonists investigated, the most firmly established mechanism having

physiological significance on stimulation-induced release of

adrenergic transmitter is the negative feedback system mediated by

norepinephrine itself via alpha2-inhibitory adrenoceptors (Westfall,

1980).

Evidence that points to the conclusion that alpha2 prejunctional

receptors are significantly functional under physiological stimulation

parameters in in vitro neuromuscular preparations are not conclusive

enough to say that they are operational in vivo. However, in vivo

studies are difficult to analyze at the peripheral alpha2 prejunction-

al level because of the effect the CNS (central nervous system) exerts

on blood pressure and heart rate.

Hedler et al. (1983) showed that in conscious rabbits the alpha2

antagonists, yohimbine and rauwolscine, enhanced the norepinephrine

release rate to 257% and 424% respectively of control levels. Blood

pressure was increased. Using spinal rabbits, to eliminate the CNS

effects on norepinephrine release and blood pressure, Hedler continu-

ously stimulated spinal sympathetic nerves at T-8 with a frequency of

3 Hz (0.5 msec. duration, supramaximal voltage). Yohimbine and

rauwolscine enhanced the norepinephrine release rate to 147% and 217%

respectively, of control levels. This study tends to support the

physiological importance of alpha
2

receptors in vivo. Finally, Doxey

and Everitt (1977b), concluded that in the rat, all sympathetic nerves

were inhibited by clonidine, this inhibition occurring preferentially

at a low frequency of stimulation.
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If decreasing the amount of transmitter to which an organ is

exposed brings about supersensitivity of the effector to chemical

stimuli, then an increase in the amount of transmitter should be

expected to cause a diminished responsiveness of the effector, or

subsensitivity. Subsensitivity, like supersensitivity, requires time

to develop. The effector must be exposed continuously to increased

levels of the transmitter for a relatively long period of time (e.g.,

2-3 days)(Flemming et al., 1973).

According to the "Law of Innervation" (Flemming et al., 1973),

"when functional nerve activity is chronically increased or decreased

(surgically, physiologically, pathologically, or pharmacologically),

the sensitivity of most distal effectors to any process which initi-

ates a response in the effector is slowly altered in a direction which

will compensate for the altered neural input." Therefore, the pre-

and post-junctional receptors on either side of the junction between

sympathetic postganglionic nerves and vascular smooth muscle are the

most distal effectors in the determination of blood pressure, and may

be altered to compensate for any change in neuronal activity.

Subsensitivity has been studied extensively on postjunctional

receptors. In man, subsensitivity may be most critical in conditions

with chronic use of drugs, with the appearance of tolerance and/or

withdrawal reactions, or in pathological states such as hypertension.

The catecholamines appear to play an important role in regulating

the function of their own receptors. A "desensitization" phenomenon

(a decrease in responsiveness after an increase in the availability of

neurotransmitter to its receptor site) has been observed at the post-

junctional site. A loss of physiological response can be detected by
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measuring a decrease in the vascular response to adrenergic agonists.

Sun and Hanig (1983) demonstrated that after 7 days of constant

infusion of an alpha-agonist, phenylephrine, a decrease in the alpha-

adrenergic vascular reactivity response to phenylephrine was induced.

Also, rats pretreated with the beta-agonist isoproterenol showed a

decrease in beta-adrenergic responses, whereas their alpha-adrenergic

responses to agonists remained the same. These results demonstrate

the phenomenon of agonist-induced desensitization of adrenergic

responses as expressed by changes in vascular responsiveness. They

suggested that changes in receptor response owing to an excess of

neurotransmitter in the system may be involved in the etiology of a

disease such as hypertension (Sun and Hanig, 1983).

In another study (Aarons et al., 1983), the effects of the

chronic administration of ephedrine and terbutaline on beta adrenergic

receptors was observed in normal human subjects. The density of beta

receptors on membranes prepared from circulating lymphocytes was

determined. Drugs were administered for 8 days. This treatment

resulted in significant decreases (50% below control levels) in the

density of beta receptors. Discontinuation of drug administration

resulted in the gradual return of receptor density to pre-treatment

levels after 4 to 7 days. They concluded that the progressive loss of

efficacy observed as a consequence of the long-term administration of

agonists acting at beta adrenergic receptors was due to a decrease in

the density of the receptors.

Since activation of the pre-junctional alpha2-adrenoceptor leads

to a reduction in transmitter release (Westfall, 1980), a decrease in

sensitivity of these receptors to agonists would be expected to result
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in enhanced transmitter release during transmural nerve stimulation.

Langer and Dubocovich (1977b) found that there was an increase in

radiolabelled transmitter release from cat spleens that were previous-

ly exposed to 0.59 micromolar norepinephrine (non-labelled) for 60

minutes, when compared with controls, upon nerve stimulation. They

concluded that the sensitivity of pre-junctional receptors could be

modified after exposure to an agonist.

As already shown for the post-junctional receptor, chronic

stimulation of pre-junctional receptors may lead to changes in their

sensitivity also. This phenomenon may be of interest in connection

with prolonged drug therapy with agents that act on pre-junctional

receptors in the peripheral or central nervous system, as well as

drugs affecting the release of endogenous neurotransmitters such as

antidepressants, nicotine (Su, 1982), or pathological conditions

associated with increased levels of neuron activity, such as

hypertension.

In 1978, Crews and Smith suggested that the predominant

long-term mechanism of action by tricyclic antidepressants was

probably the increased release of norepinephrine owing to loss of

alpha2 receptor inhibition. That is, the increase in norepinephrine

release caused by pre-junctional alpha-receptor subsensitivity

appeared to represent the clinically important mechanism of action of

tricyclic antidepressants. They suggested this because they thought

it difficult to reconcile the rapid inhibition of norepinephrine

uptake with the delayed onset of antidepressant action. Their data

indicated that short-term desipramine administration maximally blocks

norepinephrine uptake but only slightly potentiates adrenergic nerve
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transmission. However, during the long-term desipramine

administration, the release of norepinephrine is increased because of

an apparent loss of pre-junctional alpha-adrenoceptor inhibition.

Following chronic antidepressant therapy, Finberg and Tal (1983) also

found down-regulation of peripheral alpha2 receptors. They measured

binding of [3H]- yohimbine in vasa deferentia of rats treated with

antidepressants for 21 days.

Changes in receptors may be important in the genesis or mainte-

nance of pathological conditions as well as the drug-induced changes

in receptor phenomena described above. An example of such a pathology

is hypertension. In both man and experimental models of hypertension,

elevated sympathetic nerve activity has been implicated (de Champlain,

1977; Kawasaki et al., 1982) and of course it would be predicted that

the sympathetic nervous system would play an important role in'any

vascular pathology because of the close relationship between the

autonomic and cardiovascular systems. This concept raises the

possibility that the increased adrenergic tone may be due to an

increased facilitatory modulation and/or decreased inhibitory

modulation of adrenergic transmission.

The spontaneously hypertensive rat (SHR), has been used as a

model for studying human essential hypertension. The facilitatory

modulation of adrenergic neurotransmission mediated by angiotensin II

receptors was compared in SHR and Wistar Kyoto control rats. Results

suggest that pre-junctional facilitatory modulation of adrenergic

vascular neurotransmission mediated by angiotensin II receptors is

enhanced in the perfused mesenteric vascular bed of the SHR. This

altered pre-junctional modulation of the adrenergic neurotransmitter
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release in the SHR may play an important role in the maintenance of

the established hypertension (Kawasaki et al., 1982).

Galloway and Westfall (1982) found that SHR with chronic hyper-

tension have subsensitive prejunctional alpha2 receptors. They saw an

increase in the percent fractional release of norepinephrine and a

decreased enhancement of overflow in the presence of yohimbine from

the caudal artery of the rats. They speculated that increased sympa-

thetic nerve traffic and enhanced facilitatory activity of angiotensin

may be important in producing the initial increase in adrenergic

transmission, which may contribute to the development of hypertension.

The increased release of norepinephrine may subsequently lead to

subsensitivity in alpha2 prejunctional adrenoceptors in chronic

hypertensive animals. The decrease in activity of the alpha2

adrenoceptors also results in enhanced release of norepinephrine which

now may be important in the maintenance of hypertension.

There has been increasing interest in the changes that occur

during hypertension in the postganglionic sympathetic neuron that

innervates the blood vessel wall, in the causes of these changes and

in their role in the disease. Many studies of human and animal models

of hypertension implicate the nervous system at some point (Bevan et

al., 1980).

Increased neuronal activity can result in changes in the sympa-

thetic transmitter mechanism, which presumably leads to increased

transmitter synthesis and net release. These changes might be expect-

ed under any circumstance where there is a sufficiently persistent

increase in sympathetic discharge (Bevan et al., 1980). Since the

release of norepinephrine from adrenergic nerves can be influenced via
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receptors on the nerve ending, it is conceivable that alterations of

such receptor systems are associated with hypertensive states (Kubo

and Su, 1983).

The cold-stressed rat is used as an animal model having increased

sympathetic activity. Increases in catecholamine secretion was shown

to be necessary for the survival of adrenalectomized rats placed in a

cold environment (Johnson, 1963). Exposure to cold was demonstrated

to result in increased sympathetic activity by Gordon et al. (1966).

The association of increased activity of the sympathetic nervous

system and accelerated synthesis of norepinephrine appears to be a

consequence of the increased rate of conversion of tyrosine to DOPA,

the rate-limiting step in norepinephrine synthesis (Gordon et al.,

1966). Cold-stress has also been shown to increase urinary excretion

of catecholamines in rats (Motelica, 1969). Finally, cold exposure

resulted in a time-dependent increase in tyrosine hydroxylase (TH)

activity in both the adrenals and superior cervical ganglion in rats

(Thoenen, 1970).

The caudal artery of the rat, having a thermoregulatory function,

was used as the neuroeffector preparation in the present study. The

rat caudal artery (adventitio-medial type innervation) is believed

to have a neuromuscular distance of approximately the same

0

dimensions as the rat portal vein, determined to be 1000 A (100 nm;

Bevan et al., 1980). It is an easily accessible artery of small

diameter (less than 1.0 mm), with fairly dense adrenergic innervation.

This is precisely the type of artery described above in which the

effectiveness of the norepinephrine feedback system would be
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postulated to be most effective (Bevan, 1978) and which is of primary

importance in determining total peripheral vascular resistance.

The enzyme tyrosine hydroxylase, which is present in the nerve

catalyzes a key step in the regulation of catecholamine biosynthesis.

The in vivo hydroxylation step of tyrosine is slower than the subse-

quent steps (Gordon et al., 1966), so alteration in the rate of this

step influences the rate of norepinephrine synthesis as a whole. It

has been shown that levels of tyrosine hydroxylase were significantly

elevated in the caudal arteries of rats subjected to cold-stress for

three to five days when compared with controls. Tyrosine hydroxylase

activity in the caudal arteries from 5-day cold-stressed rats were

significantly higher than arteries from 3-day cold-stressed rats.

Therefore, 5-day cold-stressed rats were used for the present study

(Merrigan and Lais, 1981).

A contractile response is the result of the combination of

norepinephrine with an adrenergic receptor located on the vascular

smooth muscle membrane. However, there are several factors which

influence the extent to which endogenously released or exogenously

applied norepinephrine reaches the receptors in intact vessels,

namely, the various mechanisms of norepinephrine inactivation

(neuronal uptake, smooth muscle uptake, nonspecific binding and

enzymatic destruction) and pre-junctional receptors sensitive to endo-

genously released compounds (alpha2, beta, adenosine receptors, etc.;

Vanhoutte, 1978).

In blood vessels, the effectiveness and importance of these

inactivation mechanisms varies from vessel to vessel, owing to such

things as variability of media thickness and type of innervation.
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Evidence exists that neuronal uptake is the predominant mechanism of

norepinephrine inactivation in small vessels which possess dense

adrenergic innervation, a relatively narrow junctional cleft (1000 -

0

2000 A) and a thin medium (Whall et al., 1980).

The neuronal cell membrane takes up norepinephrine present in its

vicinity, whether the catecholamine has been liberated from the nerve

terminal itself, or has reached it by diffusion. This active carrier

system (amine pump) is inhibited by drugs such as cocaine and tri-

cyclic antidepressants. It is linked to a Na+/K+ ATPase which prob-

ably explains why cardiac glycosides, low Na+, and high K inhibit it.

Inhibition of neuronal uptake augments and prolongs the response of

vascular smooth muscle cells to norepinephrine. Within a given

vessel, neuronal uptake may affect the response to intraluminally

administered catecholamines to a lesser extent than to their extra-

luminal application, provided the adrenergic nerve endings do not

penetrate into the medium (Vanhoutte, 1978; Bonaccorse, 1970). On

the other hand, when norepinephrine is given extraluminally, a higher

fraction may be taken up at the adrenergic nerve endings than the

receptor sites in respect to intraluminally applied norepinephrine.

Desipramine was only found to potentiate the response of

extraluminally applied norepinephrine in rat caudal arteries, and not

the response to intraluminally applied norepinephrine (Bonaccorsi et

al., 1970).

The inactivation of exogenous and neural norepinephrine by

helical strips of rat tail artery was studied by using transmural

stimulation and oil immersion. Observation of the rate of relaxation

of arteries with respect to blockade of neuronal uptake (uptake 1),
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extraneuronal uptake (uptake 2), and monoamine oxidase blockade demon-

strated that only blockade of uptake 1 by cocaine caused a marked

shift in the relaxation curve. This suggests that in the rat tail

artery, low concentrations of norepinephrine, both exogenous and

neural, are preferentially inactivated by neuronal uptake (Wyse,

1976).

Another study done by Aprigliano and Hermsmeyer(1976),

demonstrated the importance of neuronal uptake in determining the

effector response to norepinephrine in rat caudal arteries. They

denervated the artery by using 6-hydroxydopamine and showed that in

the caudal artery, there was a potentiation of the responses to

extraluminally applied norepinephrine. In fact, the EC50 for

extraluminal and intraluminal norepinephrine become equivalent after

denervation. The extraluminally applied EC50 for norepinephrine

dropped from 1.3 pg /m1 to 0.3 jug/ml in 6-hydroxydopamine treated

arteries. This indicates that neuronal uptake is responsible for the

termination of action of a significant amount of exogenously applied

norepinephrine in rat caudal arteries.

The emptying of vesicles into the extracellular space creates a

large concentration gradient between the immediate vicinity of the

adrenergic nerve terminal and that of the smooth muscle cells. This

gradient is the driving force for norepinephrine diffusion, and for

the activation of effector cells. It has been suggested that when the

neuronal membrane is depolarized, the amine pump is switched off,

which provides optimal conditions for diffusion (Vanhoutte, 1978).

Indeed, Haggendal and Malmfors (1969) showed that the effect of nerve

stimulation on accumulation of norepinephrine into the adrenergic



20

nerves of salivary glands and iris was to decrease it. They suggested

that the decreased norepinephrine amounts on the stimulated side could

be due to an intermittent inhibition of the membrane pump mechanism

caused by the nerve impulses. The results indicated a stronger

inhibition at 20 Hz than at 6 Hz, suggesting an increased blocking

effect on the membrane pump at increased nerve impulse frequencies.

These same studies demonstrated that chemical depolarization with high

levels of potassium also inhibit the neuronal uptake mechanism.

Unfortunately, the precise time course of events (duration of

action potential opening of calcium gates, and release of transmitter)

at the adrenergic nerve terminal is unknown. Since the effect of

desipramine was more pronounced on the overflow of [3H]-norepinephrine

induced by one pulse than by a train of pulses, it appears that the

uptake mechanism plays an important role in the inactivation of

released transmitter at very low or physiological frequencies of

stimulation (Wakade and Wakade, 1982).

The present study was undertaken to address some specific ques-

tions relating chronically altered levels of sympathetic nerve activi-

ty and the functions of release and reuptake of norepinephrine in the

sympathetic neurons of densely innervated vascular tissue: (1) Is

clonidine able to alter the vascular response to norepinephrine

release by electrical stimulation of the caudal artery? (2) Does a

chronic increase in sympathetic activity (cold-stress) induce a change

in the ability for clonidine to modify the response to norepinephrine

release by electrical stimulation? (3) Is the rate of uptake dependent

on frequency of electrical stimulation? (4) Is there a difference in
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the neuronal uptake ability of cold-stressed and non-stressed rat

caudal arteries?



22

MATERIALS AND METHODS

Animals and Experimental Model of Thermogenic Stress

Male Sprague-Dawley albino rats, eight weeks old and weighing

260-350 grams, were housed in cages on a 12 hour light-dark cycle

(light period from 6 a.m. to 6 p.m.), and had ad libitum access to

food and water. The rats were randomly assigned to one of two treat-

ment groups, either non-stressed or cold-stressed conditions. The air

temperature of the room housing the non-stressed rats was maintained

at 22.0 ± 0.5°C, while that of the cold-stressed animals was main-

tained at 5.0 ± 0.5°C. Once assigned, the rats were housed at these

temperatures for at least five days.

Isolated Rat Caudal Artery

Rats were killed by a blow to the back of the neck, and the

caudal artery was exposed and carefully freed of surrounding tissue.

A segment, 15-20 mm in length, of this vessel was taken from the

proximal end of the tail and cannulated at both the distal and proxi-

mal ends with polyethylene (PE 50) tubing. This preparation was set

up in a tissue bath as described by de la Lande et al. (1966).

Arteries were allowed to equilibrate for 60 minutes. Arteries were

perfused intraluminally by a roller pump, and bathed extraluminally

with Krebs bicarbonate solution (37°C) bubbled with 95% 0
2

-5% CO
2'

This system allows solutions to be applied independently to the intra-

luminal or extraluminal surfaces of the artery. Perfusion flow rates
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were established so as to give a baseline perfusion pressure of 50 mm

Hg for each individual artery. For each artery, the rate of flow

remained constant throughout the entire experiment. Changes in

vascular resistance were recorded as changes in perfusion pressure by

means of a Statham pressure transducer (model P23Gb) and recorded on a

Brush 280 recorder. Contractile responses of the caudal arteries were

measured by taking the maximum amplitude from baseline, reached during

exposure to drugs and/or upon electrical stimulation.

Electrical Stimulation

The periarterial nerves were stimulated by means of bipolar

platinum ring electrodes. Square wave pulses of 0.3 millisecond

duration and supramaximal voltage (100 V) were applied at 1.4, 1.9,

2.7, 3.7 or 5.2 pulses/second (Hz) in 10 second trains every three

minutes by means of a Grass (S88) stimulator.

Norepinephrine Uptake

Segments of rat caudal artery from both non-stressed and cold-

stressed rats were incubated in a mixture of d1-7-[3H]-norepinephrine

(10-7M), Nialamide (10-6M), with or without desipramine (10-6M) in

Krebs solution at 37°C for 60 minutes. Two segments of caudal artery,

equal in length (2 cm), were used from each rat. One segment was

subjected to treatment with desipramine and electrical stimulation,

while the other segment was subjected to the same treatment without

desipramine. The solutions were continuously bubbled with 95% 02-5%
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CO
2'

The arteries were stimulated at either 1.0 Hz, 1.9 Hz, 2.7 Hz,

3.7 Hz or 10.0 Hz. 0.3 msec duration at 40 V by means of parallel

rectangular platinum electrodes (spacing: 25 mm), for 60 minutes by

means of a Grass (S88) stimulator. After the 60 minute incubation/

stimulation period, artery segments were rinsed in Krebs solution and

digested in scintillation vials with Protosol
R

. Radioactivity was

measured by means of a Packard Tri-Carb Liquid Scintillation

spectrometer with .a
226 Ra source (20 pCi) as an external standard.

Efficiency of counting was determined using the external standard

(30-31%). When compared with total [3H]- norepinephrine taken up into

caudal artery segments during stimulation, that portion blocked by

10
-6

M desipramine was considered to be the amount selectively

transported into nerves by the neuronal uptake pump.

Drugs

Drugs used were as follows: 1-norepinephrine bitartrate (norepi-

nephrine) (LevophedR) was obtained from Breon Laboratories, Inc., New

York, New York, Clonidine hydrochloride (Catapres
R
) was obtained from

Boehringer, Ingelheim, Ltd. Dist.. Norepinephrine was made fresh each

day as a stock solution of 10-5M in 10-3N hydrochloric acid.

Clonidine was kept as a stock solution of 10-3M in 0.9% NaC1 at 0°C.

Additional drugs used for norepinephrine uptake procedure were as

follows: desipramine hydrochloride, USV Laboratories, Div. USV Pharma-

ceutical Corp., Tuckahoe, New York; Nialamide, Sigma Chemical Company,

St. Louis, Missouri; d1-7-[
3
H]-Norepinephrine, specific activity
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13.274 Ci/mmole and Protosol
R were obtained from New England Nuclear,

Boston, Massachusetts.

As noted earlier, this system allows the independent adminis-

tration of drugs to the intraluminal or extraluminal surfaces of the

artery.

Intraluminally: Drugs were added to the reservoir of the

perfusion fluid in the concentration desired and perfused

intraluminally.

Extraluminally: Drugs were added to the bathing fluid in the

concentration desired allowing access to the extraluminal

surface of the artery.

Statistical Analysis

Data in Tables 2 and 3 were analyzed by a two-way analysis of

variance (Steel and Torrie, 1960), and differences were tested using

the Student-Newman-Keuls' Test (Steel and Torrie, 1960). Differences

in the log dose-inhibition curves of vascular tissue from non-stressed

and cold-stressed rats were determined by multiple regression analysis

with indicator variable (Neter and Wasserman, 1974). The log

frequency-inhibition curves were analyzed in the same manner as the

log dose-inhibition curves. The relative potency of clonidine and

frequency of stimulation in caudal arteries from non-stressed compared

to cold-stressed rats was determined by use of a 4-point parallel line

assay (4-point bioassay) and a 6-point parallel line assay (6-point

bioassay), respectively, by Finney (1978). All other tests of signif-

icance for difference between means of caudal arteries from non-
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stressed and cold-stressed rats were performed by a two tailed stu-

dents t-test for unpaired data (Steel & Torrie, 1960).
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To determine the responsiveness of the artery segment via post-

junctional adrenergic receptors, the increase in perfusion pressure in

response to exogenous norepinephrine (10-7), intraluminally adminis-

tered, was measured after the response had reached a plateau level.

This generally occurred between 2-3 minutes in all arteries tested.

These data are shown in Figure 1. The mean pressure increase, in mm

Hg, of arteries from rats subjected to cold-stress for 5 days was

slightly lower than the mean pressure increase of arteries from

non-stressed rats, but this difference was not significant.

Effect of Clonidine Alone

Clonidine is able to act as a partial agonist on post-junctional

alphal receptors. A log dose-response curve to clonidine alone at

concentrations between 10
-8

to 10
-4
M was determined in caudal arteries

from non-stressed rats (Table 1 and Figure 2). No significant

postjunctional response to clonidine is seen with concentrations at or

below 10
-7

M. Concentrations at 5 x 10
-7
M and above exerted prominent

postjunctional responses. Therefore, subsequent determinations of

alpha2 receptor responsiveness to clonidine were carried out at 1.8 x

10
-8

through 10
-7

M. The responses to clonidine applied both

intraluminally and extraluminally were approximately the same.
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FIGURE 1. Response of caudal arteries after 2-3 minute exposure to

10
-7
M norepinephrine perfused intraluminally. Each value

represents the mean ± S.E.M. Numbers in parentheses
represent the number of animals used.

Non-stressed 37.8 ± 4.5 mm Hg

Cold-stressed 31.3 ± 3.1 mm Hg



29

50-
W
(/)
<I 40-
4
fr0
Z 79-. 30r
W 2x
ir 20 -
D
(/)
(/)
W 10 -
M
CL

FIGURE 1

( I I )

NONSTRESS COLDSTRESS

I0 7M NOREPINEPHRINE



30

TABLE 1. Response of Caudal Arteries From Nonstressed
Rats to Clonidine.

Change in Pressure (mm Hg) Non-stressed Arteries

Concentration Clonidine (M)

10
-8

5 x 10
-8

10
-7

5 x 10
-7

10
-6

10
4

.02±.02 .65±.49 1.43±.71 27.75±6.39 37.0±10.1 48.5±21.5

(13) (10) (15) (10) (11) (2)

Each value represents the mean ± S.E.M.

Number in parentheses represents number of animals.
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FIGURE 2. Response of caudal arteries from non-stressed rats to
clonidine intraluminally perfused. Numbers in parentheses
represent number of animals. Each value represents the

mean ± S.E.M.
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Effect of Clonidine on the Response to Exogenous Norepinephrine

To determine if clonidine has an effect on the postjunctional

response to norepinephrine, arteries were stimulated with 10-7M

norepinephrine intraluminally. After the response to norepinephrine

was constant, either 3.2 x 10
-8
M or 10

-7
M clonidine was administered

extraluminally and the effect of clonidine on the response to norepi-

nephrine noted, in arteries from both cold-stressed and non-stressed

rats. These data are presented in Figure 3. Clonidine, at both

concentrations tested, was able to facilitate the response to intra-

luminally applied norepinephrine. However, the facilitation was not

significantly different between the arteries from cold-stressed and

non-stressed rats at either concentration of clonidine. The facilita-

tion at the lower concentration was slightly less than the facilita-

tion at the higher concentration of clonidine, but the difference was

not significant.

Electrical Stimulation

To determine if the response to electrical stimulation was

different between caudal arteries from cold-stressed and non-stressed

rats, a log frequency-response curve was generated for each artery at

frequencies of 1.4, 1.9, 2.7, 3.7 and 5.2 Hz. These data are present-

ed in Table 2 and Figure 4. The mean responses of the arteries from

cold-stressed rats were slightly lower than the mean responses of

arteries from non-stressed rats at all of the frequencies tested. The
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FIGURE 3. Facilitation of the response to intraluminally perfused

10
-7

M norepinephrine by varying concentrations of cloni-

dine extraluminally administered. Values represent the

mean ± S.E.M. Number in parentheses represent number of

animals used.
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TABLE 2. Response of caudal arteries to 10 sec train of

electrical stimulation at varying frequencies

Change in Pressure (mmHg)

Frequency (Hz)

1.4 1.9 2.7 3.7 5.2

Non-stressed 9.2±1.1 16.0±1.5 21.9±2.2 26.9±2.7 31.7±3.7

(10) (10) (10) (10) (10)

Cold-stressed 7.3±.88 12.5±1.1 17.2±1.8 22.0±2.48 27.0±3.2

(10) (10) (10) (10) (10)

a
p < 0.05 vs. nonstressed

Each value represents the mean ± S.E.M.
Number in parentheses represents number of animals used.
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FIGURE 4. Response of caudal arteries from non-stressed and cold-
stressed rats to a 10 second train of electrical stimula-
tion at varying frequencies. Each value represents the
mean and corresponds to those presented in Table 2.
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differences were insignificant, with one exception. The response to

electrical stimulation at 3.7 Hz in cold-stressed arteries was signif-

icantly less than the response at 3.7 Hz in non-stressed arteries.

Effect of Clonidine on Responses to Electrical Stimulation

The effect of clonidine on the response of the isolated perfused

caudal artery to electrical stimulation was determined in two ways.

First, the artery was stimulated with a constant frequency of elec-

trical stimulation (1.9 Hz) and the response inhibited with varying

concentrations of clonidine (1.8 x 10-8, 3.2 x 10-8, 5.6 x 10-8, and

10
-7

M). The second method was to vary the frequency of electrical

stimulation ( 1.4, 1.9, 2.7, 3.7, and 5.2 Hz) while the concentration

of clonidine was kept constant (10-7M).

In the first method, the caudal artery preparation was stimulated

with a ten second train of pulses at 1.9 Hz every three minutes until

the response became constant. Clonidine was then introduced extra-

luminally at one of the above concentrations, two minutes before the

next stimulation. The artery was then washed with three volumes of

the tissue bath with Krebs solution, and at least two control re-

sponses without clonidine were elicited. This procedure was repeated

for each concentration of clonidine.

The percent inhibitory effect was determined by dividing the

contractile response in the presence of clonidine by the control

response immediately preceding the inhibited response. This figure is

multiplied by 100 to get the percent control response and then sub-

tracted from 100 to obtain the percent inhibition due to clonidine.

These data are presented in Table 3 and Figure 5. There is no
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TABLE 3. Comparison of non-stressed and cold-stressed caudal

arteries with varying concentrations of clonidine

at 1.9 Hz.

Percent Inhibition

1.9 Hz

Clonidine (M) 1.8x10-8 3.2x10
-8

5.6x10
-8

10
-7

Nonstressed 10.8±6.2 37.8±5.2
b

52.9±5.8
b

66.1±3.6
(10) (10) (10) (10)

Cold-stressed 12.6±4.5 20.8±4.5
a

'

b
34.8±5.1

a
'

b
39.3±5.0

a

(10) (10) (10) (10)

a
p < .01 vs. non-stressed.

b denotes values used for the Finney 4-point bioassay in Figure 7.

Each value represents the mean ±S.E.M.
Number in parentheses represent the number of animals used.
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FIGURE 5. The effect of clonidine on vascular responses to electrical
stimulation of sympathetic nerves from non-stressed and
cold-stressed rats. Electrical stimulation frequency was
1.9 Hz for all experiments. Each point represents the
mean ± S.E.M. of ten animals.
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statistical difference between the means of the two treatment groups

at the lowest concentration of clonidine, 1.8 x 10
-8

M. However, at

each of the other three concentrations tested (3.2 x 10-8, 5.6 x 10
-8

and 10
-7

M), the mean inhibitory effect of clonidine on vascular

responses to electrical stimulation was significantly lower in

arteries from cold-stressed rats than in arteries from non-stressed

rats. When the mean inhibitory responses at each concentration of

clonidine, of arteries from non-stressed and cold-stressed rats, are

plotted as a log dose-inhibition curve, a strong dose-response

relationship is apparent in both groups (Figure 5). Multiple

regression analysis with indicator variable was performed for all of

these points described by cold-stressed or non-stressed arteries. The

results of this analysis are depicted in Figure 6. The analysis

demonstrates that there was a statistically significant dose-response

relationship in both groups (non-stressed b = -63.8; cold-stressed b =

-37.6). Additionally, these regression lines were tested for

difference in slope (b) by means of a t-test and found to differ

significantly. However, there is a significant sigmoid character to

both of these curves, and this characteristic is most pronounced for

cold-stressed arteries. Therefore, to quantify the effect of cold

stress on the inhibitory effect of clonidine, in electrically

stimulated caudal arteries, a 4-point bioassay was performed (Figure

7). It was determined that the relative potency of clonidine to

inhibit the response of caudal arteries to electrical stimulation was

0.51 in arteries from cold-stressed rats compared to arteries from
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FIGURE 6. Regression lines describing the log dose-inhibition curves
of Figure 5. Symbols represent the mean ± S.E.M. of
responses for 10 animals.

Coefficient of Correlation:
Non-stressed: r = .991, slope = -63.8
Cold-Stressed: r = .967, slope = -37.6
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FIGURE 7. 4-Point bioassay to determine the relative potency (R) of
clonidine on the inhibition of vascular responses to
electrical stimulation (1.9 Hz), from non-stressed and
cold-stressed rats.

Points are derived from the following equations:

Non-stressed: Y = 45.34 + 7.27 (-1, +1)

Cold-stressed: Y = 27.81 + 7.27 (-1, +1)

95% Fiducial Limit in Parentheses.
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non-stressed rats. The 95% fiducial limits of this potency ratio are

0.18-0.73 and this 2-fold shift is statistically significant.

A Lineweaver-Burke analysis of the data (Segel, 1979) was done by

taking the means of the three concentration points with significant

differences between arteries from cold-stressed and non-stressed rats;

and is presented in Figure 8. The point of intersection of the two

lines described by the arteries from cold-stressed and non-stressed

rats lies close to the y-axis. The y-axis is a measure of how much an

infinite concentration of clonidine would be able to inhibit the

response to electrical stimulation in the rat caudal artery from both

cold-stressed rats and non-stressed rats. Both lines intersect at a

value of approximately .01, or a value that would correspond to 100%

inhibition at an infinite concentration of clonidine.

In the second method used to evaluate the effect of clonidine on

the artery's response to electrical stimulation, the arteries were

stimulated with a ten second train of pulses at one of the above

frequencies every three minutes until the responses became constant.

Clonidine was then introduced extraluminally at the same concentration

each time (10
-7

M), two minutes before the subsequent stimulation.

Following the response to electrical stimulation, clonidine was

flushed out of the tissue bath and the artery was rinsed with three

volumes of Krebs solution. At least two control responses without the

clonidine were elicited at the next frequency. This procedure was

repeated for each frequency of stimulation. The percent inhibition

was determined in the manner described above, and these data are

presented in Table 4 and Figure 9. The log frequency-response curves
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FIGURE 8. Lineweaver Burke analysis of the inhibition of response
to electrical stimulation in caudal arteries from non-
stressed and cold-stressed rats with varying concen-
trations of clonidine.

Lines are described by the following equations:

Non-stressed: Y=5.2 x 10
-3
X + 9.8 x 10

-3
r2 = .999

Cold-stressed: Y=1.1 x 10
-2
X + 1.2 x 10

-3
r2 = .955
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generated by this method show that the ability of clonidine to inhibit

the response of the arteries to electrical stimulation was much great-

er at low frequencies of stimulation, diminishing as the frequency of

stimulation increases, in arteries from both cold-stressed and non-

stressed rats.

When the mean % inhibition by clonidine on responses to elec-

trical stimulation for arteries from cold-stressed rats are compared

with those from non-stressed rats, a significant decrease is seen at

each frequency tested. Clonidine, at 10
-7

M, is able to inhibit the

response elicited by electrical stimulation to a lesser extent in

arteries from cold-stressed rats than in arteries from non-stressed

rats.

Multiple regression analysis with indicator variable was per-

formed for both of the log frequency-inhibition curves, and the

regression equations determined for each. This analysis is presented

in Figure 9. The regression lines were tested for difference in slope

by means of a t-test and found not to differ significantly (p less

than 0.05). This analysis shows (1) a significant frequency-

inhibition effect (slope) in both groups of arteries and (2) that

these frequency-inhibition relationships were not statistically

different between the two groups.

Table 4 demonstrates that, at each frequency, the inhibition in

arteries from cold-stressed rats was less than that seen in non-

stressed rats. These differences, combined with the multiple re-

gression analysis, suggest that a parallel shift in the frequency-

inhibition relationship has taken place following cold-stress.
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TABLE 4. Comparison of non-stressed and cold-stressed caudal

arteries with varying frequencies of stimulation at

a single concentration of clonidine (10-7M).

Percent Inhibition

(10-7M Clonidine)

Frequency
Hz 1.4 1.9 2.7 3.7 5.2

Non-stressed 75.4±4.3
b

66.1±3.6 48.4±4.8
b

32.1±4.9 20.6±4.1
b

(10) (10) (10) (10) (10)

Cold-stressed 42.1±7.1
ab

39.3 ±5.0a 21.1±7.4ab 13.7+7.58 -15.9+10.3ab
(10) (10) (10) (10) (10)

a
p < .01 vs. non-stressed

b
group used for 6-point bioassay (Finney) presented in Figure 10.

Each value represents the mean ± S.E.M.
Number in parentheses represents the number of animals used.
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FIGURE 9. Regression lines describing the log frequency-inhibition

curves of cold-stressed and non-stressed arteries at a

single concentration of clonidine (10
-7

M).

Symbols represent the mean ± S.E.M. of responses for 10
animals.
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Therefore, to quantify this effect of cold-stress on the inhibitory

effect of clonidine on the artery's response to electrical stimula-

tion, a 6-point parallel line assay was performed. This analysis is

presented in Figure 10. It was determined that cold stress induced a

shift in the frequency-inhibition curve such that a level of inhibi-

tion typically seen in the caudal artery from non-stressed rats, was

observed at frequencies 2.12-fold lower in caudal arteries from

cold-stressed rats. The 95% fiducial limits of this relative frequen-

cy shift were 2.09-2.16 and indicate that this shift was statistically

significant.

Effect of Nerve Stimulation on Neuronal Uptake

The neuronal uptake (despramine blocked/total) in arteries from

cold-stressed rats was consistently elevated over that measured in

non-stressed rats (Table 5). This elevation in uptake was significant

during electrical stimulation at 2.7 Hz and above. These data are

graphically presented in Figure 11, where it appears that there is

only a small negative relationship between neuronal uptake and fre-

quency of stimulation in non-stressed rats while, at the same time,

there seems to be a positive relationship between fraction of neuronal

uptake and frequency of stimulation in cold-stressed rats. Therefore,

these data were further analyzed by regression analysis (Figure 12).

Although the slope of the non-stressed regression line was slightly

negative (b = -7.1), it was not statistically different from a slope

of zero. However, the slope of the cold-stressed regression line was
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FIGURE 10. 6 Point bioassay to determine the relative potency (R) of
electrical stimulation (Hz), in the presence of clonidine

(10
7
M), to elicit a vascular response in the caudal

artery from non-stressed and cold-stressed rats. 95%

fiducial limits in parentheses.

Points are derived from the following equations:

Non-stressed: Y = 48.12 + 28.19 (-1, 0, +1)

Cold-stressed: Y = 15.78 + 28.19 (-1, 0, +1)
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TABLE 5. Comparison of percent neuronal uptake during varying
frequencies of electrical stimulation between arteries
from cold-stressed and non-stressed rats.

Percent Neuronal Uptake

Frequency
(Hz) 1.0 1.9 2.7 3.7 10.0

Non-stressed 31.7±3.8 28.3±8.9 22.2±6.7 24.0±5.4 24.6±7.7

(5) (4) (3) (6) (4)

Cold-stressed 34.0±7.0 36.8±3.1 41.3±5.8
b

49.6±3.7
a

55.7±11.7
b

(6) (8) (4) (8) (4)

a
p < .05 vs. non-stressed

b
.05 < p < .10 vs. non-stressed

Each value represents the mean ± S.E.M.
Number in parentheses represents the number of animals used.
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FIGURE 11. The effect of varying frequency of electrical stimulation
on the % neuronal uptake of [3H]-norepinephrine into
arteries from cold-stressed and non-stressed rats.

Each value represents mean ± S.E.M.

* .05 < p < .10
** = p < .05
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FIGURE 12. Regression analysis of the effect of electrical
stimulation on the neuronal uptake of [3H]-norepinephrine
into arteries from cold-stressed and non-stressed rats.

Non-stressed: Y = -7.1 x + 29.4
r = -.691

Cold-stressed: Y = 23.5 x + 32.8
r = .964
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found to be statistically different from zero (b = 23.5) and statis-

tically different from the slope of the non-stressed regression line

(p < .05).
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DISCUSSION

Since the discovery of presynaptic alpha2 receptors and the

realization of their potential to alter norepinephrine release, the

influences contributed by local factors such as the neurogenic release

of adenosine, prostaglandins and norepinephrine itself have been

sought to try to piece together a model that will describe the stimu-

lus-response relationship of the neuromuscular junction of vascular

tissue (Maixner et al., 1983).

The present study demonstrates that the antihypertensive agent,

clonidine (CatapresR), is able to inhibit the neurogenic contractile

responses of caudal arteries from non-stressed rats (Figure 5 and

Figure 9). Clonidine alone acts as a partial agonist on alpha,

receptors (Figure 2 and Table 1), eliciting a contractile response of

the vascular smooth muscle at higher concentrations than those used

for demonstrating alpha2 receptor activity. Approximately the same

dose-response relationship was seen for both intraluminally and

extraluminally applied clonidine. This observation supports those of

others who have reported that clonidine is not taken up by neuronal

uptake (Auch-Schwelk et al., 1983). At concentrations of 10-7M or

lower, clonidine did not elicit any significant post-junctional

contractile response alone. However, extraluminally applied cloni-

dine, at concentrations which would not have produced a contractile

response alone, were shown to facilitate the contractile response to

intraluminally applied norepinephrine (Figure 3). Clonidine's effect

on the facilitation of exogenously applied norepinephrine only tends

to strengthen the notion that the ability of clonidine to inhibit the
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neurogenic contractile response is due to its effect on alpha2

receptors, since its activity at alpha, receptors was shown to augment

the contractile response, not to inhibit it. This facilitation of

norepinephrine is not a contradiction to the failure of clonidine

alone to produce a constriction when given alone at these

concentrations. It is also probably not a true facilitation of

norepinephrine. Rather, this undoubtedly represents only a small

incremental increase in alphal receptor agonist (clonidine) on the

background of existing alpha., receptor agonist (norepinephrine).

The comparison of the effect of clonidine during contractions of

isolated blood vessels caused by electrical stimulation and exogen-

ously applied norepinephrine is a first step to establish whether this

alpha2 agonist has an inhibiting effect on sympathetic nerves. The

interpretation of the results of this comparison depends on the

evidence that contractions of caudal artery vessels by electrical

stimulation are due to the release of norepinephrine from nerve

endings, and not the direct inhibition of smooth muscle cells.

Although the mechanism of release of norepinephrine from nerve

terminals is still controversial, depolarization of nerve terminals by

both action potentials and excessive extracellular levels of potassium

ion are known to cause release of vesicular norepinephrine contents by

exocytosis into the junctional cleft in the presence of calcium

(Ca
+4.

). Tetrodotoxin is able to block the traffic of action poten-

tials in nerves (Starke, 1981; Auch-Schwelk et al., 1983). A

concentration of 10
-6
M tetrodotoxin was shown to inhibit neurogenic

responses at all stimulation parameters used in this research (these

data not presented). On the other hand, tetrodotoxin did not affect
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the contractile responses of arteries exposed to exogenous

norepinephrine. Therefore, we can assume that the mode of stimulation

employed in this study selectively excites the nervous tissue, rather

than the muscle itself (Starke, 1981).

A single concentration of extraluminally applied clonidine

inhibited the responses of arteries from non-stressed rats to elec-

trical stimulation (1.4 to 5.2 Hz) in a frequency-dependent manner

(Table 3 and Figure 5). The magnitude of the inhibition on electrical

stimulation, elicited by clonidine, increased as the frequency of

stimulation decreased (Table 4 and Figure 9). This inverse

relationship confirms other studies using clonidine (Starke et al.,

1974; Pacha et al., 1975) and is similar to the observations with

other pre-junctional receptor agonists: acetylcholine (Merrigan and

Lais, 1981); histamine (Lais, 1981); ATP (Lais, 1982a) and adenosine

(Lais, 1982b).

Some studies argue that the alpha2 pre-junctional feedback is

operational over a wide range of frequencies (Wakade and Wakade,

1982), whereas others say that it is effective only in a limited range

of frequencies (Story et al., 1981). However, it is generally agreed

that the alpha2 pre-junctional modulation of norepinephrine release

functions under conditions of low frequency stimulation, resembling in

vivo physiological conditions. Alpha-adrenergic agonists have been

shown to decrease the overflow of PH)-norepinephrine due to electri-

cal stimulation of nerves innervating blood vessel walls and to

decrease the neurogenic response of smooth muscle to electrical

stimulation (Leighton et al., 1979; Langer and Shepperson, 1982).
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In vivo, there is, during 'rest', a tonic activity in vasocon-

strictor fibers of about 1-2 impulses per second. During maximal

physiological activation the discharge rate is increased to 6-10

impulses per second (Starke et al., 1974). The frequency chosen to

perform the log dose-inhibition relationship with clonidine (1.9 Hz)

would be in the vicinity of the resting level of tonic activity in

vascular tissue. Since alpha2 pre-junctional receptors are considered

to be functional under physiological conditions (Maixner et al.,

1983) demonstration of alpha2 receptor activity with clonidine should

be apparent at 1.9 Hz if the alpha2 receptor is important for

inhibiting the release of norepinephrine in rat caudal arteries.

In these experiments clonidine, in varying concentrations, was

able to inhibit the contractile response to electrical stimulation at

a single frequency (1.9 Hz) in a dose-dependent manner in arteries

from non-stressed rats (Figure 5 and Table 3). The percent inhibition

increased as the dose of clonidine increased. This dose-inhibition

relationship confirms observations seen by other investigators using

in vivo neuroeffector preparations to study the actions of clonidine

(Pacha et al., 1975; Doxey and Everitt, 1977)

Upon cold exposure, the thermogenic function of the rat caudal

artery is to decrease blood flow to the tail in order to preserve body

heat. A significant increase in the levels of tyrosine hydroxylase on

day 5 was seen in caudal arteries from cold-stressed rats (Merrigan

and Lais, 1981). Cold-stress, therefore, elevates the sympathetic

postganglionic nerve activity in the rat caudal artery.

The post-junctional responsiveness of caudal arteries from cold-

stressed rats was not significantly different from that of arteries
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from non-stressed rats. As shown in Figure 1, the contractile

response of arteries to exogenous norepinephrine was not significantly

different between non-stressed and cold-stressed arteries. Also, as

seen in Figure 3, the ability of extraluminally applied clonidine to

facilitate the response to intraluminally applied norepinephrine in

cold-stressed arteries was not significantly different from the

facilitation seen in non-stressed arteries at either concentration of

clonidine used. These data suggest that the sensitivity of the alpha

receptors of the vascular smooth muscle from cold-stressed and non-

stressed arteries are equivalent when they are activated by norepine-

phrine or when the exogenous norepinephrine is supplemented by low

concentrations of clonidine.

The responses of arteries from non-stressed rats to electrical

stimulation prior to addition of clonidine (Table 2 and Figure 4),

produce moderately conflicting observations. First, the tendency, at

all frequencies tested, was for the arteries from cold-stressed rats

to exhibit smaller responses. Second, this apparent difference was

significant only at a single stimulation frequency (3.7 Hz). This

suggests that this may be the borderline of a significant difference

being elicited throughout the entire range of frequencies. Neverthe-

less, this "borderline" observation is consistent with previous re-

ports in cold-stressed arteries (Lais and Merrigan, 1981; Lais, 1981;

Lais, 1982a; Lais, 1982b). It is possible that an increased duration

of cold stress might result in this "borderline" observation being

resolved in one direction or another. Nevertheless, at this time, it

appears, based on the equivalent alpha responses to exogenous

norepinephrine and on these responses to electrical stimulation, which
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were largely not statistically different that, in the absence of

clonidine, the output of norepinephrine per action potential is

roughly similar in this preparation regardless of whether arteries

were from non-stressed or cold-stressed rats.

The percent inhibition of nerve stimulation with clonidine varies

inversely with frequency in both non-stressed and cold-stressed rat

caudal arteries, as shown in Figure 9 and Table 4. However, at each

frequency tested, there was a significant decrease of percent inhibi-

tion seen in the cold-stressed arteries when compared with non-

stressed arteries. Since the post-junctional receptor response has

already been shown to be equivalent in non-stressed and cold-stressed

arteries, this suggests that these differences are most likely of

neurogenic origin. The most likely neural site is the pre-junctional

membrane of the adrenergic nerves.

The regression lines shown in Figure 9, demonstrate that the

percent inhibition of response to electrical stimulation by clonidine

in both cold-stressed and non-stressed arteries, are parallel, graded

relationships. The significant frequency-inhibition effect seen in

both groups demonstrates that there must be a very highly controlled

mechanism for norepinephrine release, since the range of inhibition

goes from 20-75% through a small frequency range of 1.4-5.2 Hz in

non-stressed arteries, and from -16-42% inhibition through the same

range of frequencies in cold-stressed arteries. The minus sign

indicates that the contractile response was facilitated by 16% at 5.2

Hz with 10
-7
M clonidine in cold-stressed arteries.

If clonidine possesses lower intrinsic activity than norepi-

nephrine on alpha2 receptors, then sufficiently high biophase levels
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of norepinephrine would lead to competition between clonidine and

norepinephrine for alpha2 receptor sites, thus resulting in a

decreased inhibitory feedback and an increased release following nerve

stimulation (Medgett et al., 1978). However, when the biophase

levels of norepinephrine are low, as they undoubtably are when the

lowest stimulation frequencies are utilized (1.4-2.7 Hz), clonidine

acts as an agonist at alpha2 receptors and thus, activates the

feedback mechanism to decrease release (Rand et al., 1980). However,

as previously mentioned, this concentration of clonidine is capable of

facilitating the contractile response to exogenously applied

norepinephrine. Similar incremental post-junctional effects of

clonidine (Figure 3) may be overshadowing part of the pre-junctional

inhibitory action in cold-stressed caudal arteries. Clonidine is most

likely still inhibiting neurogenic norepinephrine release

(qualitatively speaking), as it is in the non-stressed arteries at

this frequency (5.2 Hz), but at a lower level of inhibition.

The parallel shift in the frequency-inhibition response following

cold-stress is again demonstrated in Figure 10. Arteries from cold-

stressed rats respond to 10
-7M clonidine with a % inhibition which is

typical of the % inhibition seen at one-half the frequency (1/2.12) in

arteries from non-stressed rats. This parallel nature of the shift in

the frequency-inhibition relationship with clonidine is consistent

with parallel shifts elicited with other prejunctional sympathetic

modulatory agonists following cold-stress (Acetylcholine; Lais and

Merrigan, 1981: Histamine; Lais, 1981: ATP; Lais, 1982a: Adenosine;

Lais, 1982b). Two important conclusions can be drawn from the analy-

sis of the present data: (1) the absolute potency ratio of 2.1 is very
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supportive of the dose-inhibition potency ratio (Figure 7) where a

2-fold difference is also demonstrated; (2) since equivalent percent-

ages of inhibition of neurotransmitter release are evident at lower

frequencies of stimulation in arteries from cold-stressed rats, and

due to the inverse relationship between the magnitude of inhibition

and the frequency of stimulation (Figure 9), alpha2 receptor

subsensitivity induces the functional equivalent of increasing sympa-

thetic tone following chronic elevation of the sympathetic nervous

system activity by cold stress. This induction of a functional

equivalent of sympathetic nerve hyperactivity (i.e., a subsensitivity

in an inhibitory process) will result in a more efficacious neurogenic

vasoconstriction than would be predicted without the observed changes

in alpha2 receptor sensitivity, thereby reducing the potential for

heat loss through the vasculature of the tail during cold-stress.

Thus, this may represent a protective mechanism in cold stress. On

the other hand, by analogy, this same phenomenon represents a positive

feedback during any chronic elevation in sympathetic tone and could

possibly represent an important pathological process in certain

disorders such as a neurogenically based hypertension.

Unlike the frequency-response relationship seen in Figure 9, the

dose-response curves of arteries from cold-stressed and non-stressed

rats were not parallel overall (Figure 6). The shapes of both curves

were somewhat sigmoidal. In addition, the entire dose-inhibition

relationship takes place over a relatively small concentration range

(approximately 10-fold). This presents a difficulty in finding

concentrations different enough in inhibitory effect yet not in the

near-threshold or near-maximal range where the most curvature exists
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in the dose response relationship. Nevertheless, the responses to 3.2

x 10
-8
M clonidine and 5.6 x 10

-8
M clonidine were found to be parallel

when analysed by the 4 point bioassay. This analysis demonstrated

that the pre-junctional action of clonidine is to inhibit the neuro-

genic response to 1.9 Hz in arteries from cold-stressed rats to only

0.51 times as great when compared with arteries from non-stressed rats

(Figure 7). The most direct interpretation of this value is that it

requires approximately twice as much clonidine (1/0.51) in arteries

from cold-stressed rats to produce an equivalent inhibition of sympa-

thetic transmitter release when compared to arteries from non-stressed

rats.

According to Flemming et al. (1973), an increase in the amount

of transmitter present should be expected to cause a diminished

responsiveness of the effector, which in this case is the pre-junc-

tional nerve membrane. In order for the effect to be seen, the

effector must be exposed continuously to increased levels of the

transmitter for at least 2-3 days. It is probable that elevated

levels of norepinephrine, released by nerves in caudal arteries in

rats exposed to cold for 5 days may be sufficient to induce a change

in the sensitivity of the alpha2 receptors. This observation is also

supported by studies demonstrating pre-junctional sensitivity of both

central and peripheral alpha2 receptors after chronic exposure to

certain antidepressants which inhibit the re-uptake of catecholamines

(Crews and Smith, 1978; Finberg and Tal, 1983). Work done by Galloway

and Westfall (1982), in spontaneously hypertensive (SH) rats,

demonstrated that these rats, with chronic hypertension, had

subsensitive alpha2 receptors. This is an animal model of
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hypertension which is believed to be associated with chronically

elevated levels of sympathetic nerve activity (Kawasaki et al.,

1982). Galloway and Westfall utilized the method of K
+-

induced

release of norepinephrine from nerves but demonstrated the

norepinephrine release was also dependent upon alpha2 prejunctional

modulation in a manner similar to electrical nerve stimulation. Since

their study did not measure the responsiveness of the caudal artery

itself to K
+

stimulation, and studies on release were carried out in

the presence of norepinephrine uptake blockers, they could not rule

out the possibility that the effect of increased release is balanced

out by increased uptake. Such a situation could result in a lack of

effect on vascular reactivity. They suggested that a constant

increase in norepinephrine release due to sympathetic nerve stimu-

lation during hypertension resulted in an alteration in the functional

activity of the prejunctional alpha2 adrenoceptors.

A Lineweaver-Burke analysis shows that the curve described by the

arteries from the cold-stressed rats appears to be in an apparent

state of competitive inhibition when compared with the line described

by the caudal arteries from non-stressed rats (Figure 8). The point

of intersection of the two lines is very close to the y-intercept

value representing 100% inhibition of response with an infinite

concentration of clonidine. The x-axis intercepts, which are a

measure of the apparent affinity of clonidine for the pre-junctional

alpha2 receptors, are very different in arteries from cold-stressed

and non-stressed rats. The pre-junctional alpha2 receptors of

arteries from non-stressed rats appear to have a higher affinity for

clonidine than the alpha2 receptors of arteries from cold-stressed
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rats. The analysis of the x-axis differences suggests that the alpha2

receptor affinity for clonidine in arteries from cold-stressed rats is

approximately one-half the affinity of the same receptors in the

non-stressed rats. This alteration of receptor affinity value sup-

ports the potency ratio of 0.51 determined by the Finney 4-point

bioassay (Figure 7).

Both the Finney bioassay (Figure 7) and the Lineweaver-Burke

analysis (Figure 8) suggest that a competitive mechanism is involved

in the sensitivity change to clonidine following cold-stress. How-

ever, both of these mathematical tools are only part of the dose-

inhibition data of Table 3. Figure 13 is a schematic representation

of all of these data. It is composed of two free-hand sigmoidal

curves which fall within all of the standard errors of the means from

Table 3. These curves suggest that subsensitivity to clonidine in

arteries from cold-stressed rats constantly increases in magnitude

compared to arteries from non-stressed rats at all supra-threshold

concentrations. Furthermore, the near leveling off of these curves

above 10
-7M clonidine suggests that in arteries from cold-stress-

treated rats, the transmitter modulatory actions of clonidine may

never be as great as those seen in arteries from non-stressed rats.

Both of these observations are in direct conflict with the altered

affinity mechanism described above. These types of noncompetitive

inhibition curves cannot be generated for pre-junctional acetylcholine

receptor responses (Lais and Merigan, 1981) or for pre-junctional

histamine receptor actions (Lais, 1981) following cold-stress treat-

ment. However, similar dose curves have been applied to both pre-

junctional ATP (Lais, 1982a) and pre-junctional adenosine (Lais,
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FIGURE 13. Schematic representation of the percent inhibition of
electrogenic response (1.9 Hz) of caudal arteries from
cold-stressed and non-stressed rats with varying
concentrations of clonidine. The numerical values above
the nonstress line present approximate differences in the
potency of clonidine between cold-stress and non-stress
arteries. The numerical values below the cold-stress line
represent differences in % inhibition between cold-stress
and non-stress arteries at hypothetical concentrations of
clonidine.
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1982b) receptor actions following cold stress. Neither acetylcholine

nor histamine is found in sympathetic nerves. However, action

potential-induced exocytosis releases both norepinephrine (an alpha2

receptor agonist) and ATP. Further, there is evidence that endogenous

adenosine is locally released with sympathetic nerve stimulation and

subsequently inhibits the release of norepinephrine (Kubo and Su,

1983). The combination of these observations suggests that cold

stress may induce competitive-like changes in pre-junctional

modulatory substances which do not come directly from the sympathetic

nerve terminal, while under the same conditions, there is evidence for

noncompetitive (receptor density) changes with regard to prejunction-

ally acting substances which may be derived from sympathetic nerve

discharge. This possibility is supported by a report where beta-

receptor density changes were found to be responsible for altered

sensitivity following chronic exposure to elevated levels of the

receptor agonist terbutaline (Aarons et al., 1983).

The height of the neurogenically-induced contraction is

determined by the concentration of the alpha, agonist in the biophase.

Therefore, the contraction size is also affected by the activity of

those mechanisms which tend to lower agonist concentration in the

biophase. As shown in Figure 4, the mean contractile responses of

arteries to electrical stimulation were slightly lower in arteries

from cold-stressed rats when compared with arteries from non-stressed

rats. These pre-clonidine contractile responses from electrical

stimulation are due to the release of endogenous norepinephrine stores

from nerve terminals. A response that varies proportionately with

increasing frequency of stimulation indicates that more



77

norepinephrine is being released from nerves as the frequency

increases, leading to increased contractile responses in both

non-stressed and cold-stressed rat caudal arteries. These small

differences cannot be explained by an increase in the endogenous

alpha2 receptor mediated inhibition of norepinephrine release in

cold-stressed rats because just the opposite is observed (Figure 10).

Earlier in the discussion this overall small decrease in

responsiveness in the absence of clonidine was presented as indicative

that the quantity of release of norepinephrine impulse was unchanged

following cold-stress. However, this general, slight depression in

control responses could be due to an alteration of one of the

mechanisms of norepinephrine inactivation such as neuronal uptake,

extra-neuronal uptake, or increased binding. Since neuronal uptake

has been given credit for being the most significant of these three

mechanisms in the inactivation of endogenously released

norepinephrine, the ability of segments of caudal artery from

non-stressed rats and cold-stressed rats to take up extraluminally

applied [3H]-norepinephrine was measured as a function of the

stimulation frequency (Figure 11).

Arteries from cold-stressed rats were able to take up [3H]-nor-

epinephrine to a greater extent than arteries from non-stressed rats.

This action was significant at higher frequencies of stimulation while

at lower frequencies of stimulation the differences was not signifi-

cant. These differences in the extent of neuronal uptake could

account for some of the differences seen in the neurogenic contractile

response of arteries from non-stressed and cold-stressed rats. With

these observations at hand, the amount of norepinephrine released at

the nerve terminals per impulse may be considered to be the same, or
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possibly greater in arteries from cold-stressed rats; however, since

more norepinephrine is taken up by nerves in arteries from cold-

stressed rats, less norepinephrine is able to diffuse to the post-

junctional alpha, receptors to elicit a contractile response. These

observations are unlikely to provide a full explanation for the

regular, mostly insignificant, reductions in pre-clonidine control

values depicted in Figure 2. First, changes in uptake are significant

only at frequencies of 2.7 Hz and higher. Secondly, the magnitude of

the changes in norepinephrine uptake following cold-stress are fre-

quency-dependent (Figure 12), while the pre-clonidine control re-

sponses show a parallel shift (Figure 3).

These experiments do not show if the increase in norepinephrine

uptake is due solely to the measured activity of postganglionic

sympathetic nerves in the cold-stressed rat. However, it has been

reported that the rate of neuronal uptake of [3H]-norepinephrine is

enhanced in several cardiovascular tissues from spontaneously

hypertensive rats (Myers et al., 1981; Rho et al., 1981; Lelorier et

al., 1976). These changes were accounted for by an increased Vmax

(number of receptors) of the uptake mechanism. This type of

alteration on uptake has also been associated with other states of

increased utilization of the neurotransmitter norepinephrine, such as

chronic stress and electroconvulsive shock (Myers et al., 1981). The

catecholamine uptake pump is Na
+
/K

4-

-ATPase dependent. Levels of

Na
+
/K

+
-ATPase were also found to be elevated in mesenteric arteries of

spontaneously hypertensive animals (Rho et al., 1981). Previous re-

ports of norepinephrine uptake have been almost exclusively obtained

under non-physiological conditions (i.e. pathological or drug



79

therapy). The present experiments, utilizing a chronic physiologic

mechanism to elevate sympathetic nerve activity (cold-stress), support

the suggestion that neuronal norepinephrine uptake processes may be

profoundly affected by the level of sympathetic nervous activity.
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