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The effect of acetylcholine on vascular adrenergic

neuroeffector transmission was investigated. Caudal

arteries of rats were isolated and their responses to

electrical stimulation of the adrenergic nerves and/or

acetylcholine were monitored. Acetylcholine had no

effect on the basal perfusion pressure or the vascular

response to norepinephrine in arteries from non-stressed

rats. In arteries from non-stressed animals acetylcholine

caused a dose dependent inhibition of the response to

electrical stimulation and the inhibition was blocked by

atropine. The conclusion from the data is that acetyl-

choline inhibits the vascular response to electrical

stimulation in the caudal artery of the rat via an

action on presynaptic muscarinic receptors.

Rats subjected to five days of cold stress at 2.5°C

show a significant increase in- sympathetic nervous system



activity in the tail artery as measured by a three-fold

elevation in the tyrosine hydroxylase activity. Caudal

arteries from cold-stressed rats showed no significant

difference in their response to acetylcholine admini-

stered by itself or to exogenous norepinephrine when

compared to the arteries from the non-stressed group.

Following cold stress, no significant difference was

measured in the effect of acetylcholine on the arteries'

response to exogenous norepinephrine when compared to

the non-stress group. Likewise there was no significant

difference between arteries of the two treatment groups

in the ability of atropine to block the response to

electrical stimulation. It can be concluded that the

response of the postsynaptic effector unit to norepi-

nephrine is not altered by cold stress, and that acetyl-

choline does not effect this response. It is also con-

cluded that acetylcholine inhibits the vascular response

of arteries from cold-stressed rats to electrical stim-

ulation via presynaptic muscarinic receptors.

When arteries were electrically stimulated at a

constant frequency and the inhibition of the response

by acetylcholine measured, the response in arteries from

cold-stressed rats was inhibited to a significantly

greater degree when compared to arteries from non-stressed

rats. Regression analysis showed the log-dose inhibition



curve of arteries from the cold-stressed rats to be

parallel to the curve of the non-stressed arteries and

shifted to the left. Arteries were also stimulated with

electrical stimulation at variable frequencies and the

vascular response inhibited with a constant concentration

of acetylcholine. Acetylcholine was found to inhibit

the response of the arteries from cold-stressed rats

significantly more than the arteries from non-stressed

rats. Regression analysis again showed a parallel shift

in the dose response curve of the arteries from cold-

stressed rats. It can be concluded from the data that

the presynaptic muscarinic receptors have become super-

sensitive in the presence of increased sympathetic nerve

activity.
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THE EFFECT OF COLD STRESS ON THE MODULATION OF

VASCULAR ADRENERGIC TRANSMISSION

BY ACETYLCHOLINE

INTRODUCTION

The regulation of circulation depends on a complex

interaction of physical, humoral, and neural factors, but

the primary controller is the autonomic nervous system.

The most important pathway for the central nervous con-

trol of vascular tone is mediated by the sympathetic

adrenergic neurons of the autonomic nervous system. Nor-

epinephrine is the neurotransmitter at the sympathetic

adrenergic neuroeffector junction.

Until recently it was thought that the quantity of

norepinephrine released from adrenergic nerves was

dependent only on the frequency of action potentials

reaching the nerve varicosity. However, it has recently

been discovered that neural and hormonal substances can

influence the quantity of norepinephrine released per

nerve impulse (Westfall, 1980). These neural and hor-

monal substances may act at receptors located on the

adrenergic nerve terminals. Even though these receptors

are anatomically located prejunctionally, they are also

termed presynaptic. By their action on the presynaptic
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receptors, the neural and hormonal substances appear to

modulate the concentration of neurotransmitter at the

neuroeffector junction. For a more complete discussion

of the regulation of norepinephrine release by presynaptic

receptors the reader is referred to some excellent reviews

(Westfall, 1977; Starke, 1977).

One of the substances reported to act presynaptically

is acetylcholine. Acetylcholine acts on presynaptic

muscarinic receptors to inhibit adrenergic neurotrans-

mission (Humme et al., 1972; Steinsland et al., 1973;

Westfall, 1980; Vanhoutte, 1977; Vanhoutte, 1974; Shepherd

et al., 1978). The inhibition of response caused by

acetylcholine is the result of a decrease in the amount

of norepinephrine released upon nerve stimulation as

shown by experiments measuring the release of tritiated

norepinephrine (Steinsland, 1973; Westfall, 1980;

Vanhoutte, 1977; Vanhoutte, 1974; Shepherd, 1978). In

all the species studied so far, acetylcholine has been

shown to inhibit the stimulation induced release of

adrenergic transmitter throughout the vascular system

(Vanhoutte, 1977).

Some investigators feel that arteries and arterioles

of numerous vascular beds are innervated by both adre-

nergic and cholinergic fibers. This hypothesis, of dual

innervation of vascular smooth muscle, is supported by
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both morphological and pharmacological evidence (Vanhoutte,

1977). Of particular interest to the present study is

that the rabbit ear artery is thought to have cholinergic

as well as adrenergic innervation (Vanhoutte, 1977).

This is of importance because both the rabbit ear artery

and the rat tail artery are of primary importance in

temperature regulation and, therefore, this similar

function may be supported by similar morphology. Thus,

it is possible that cholinergic neurons are involved in

the regulation of release of neurotransmitter from

adrenergic neurons innervating the caudal artery of the

rat.

Postjunctional supersensitivity is a widely recog-

nized phenomenon (Westfall, 1977). Subsensitivity is

also believed to occur but is more difficult to accept

because it is technically difficult to detect (Westfall,

1977). Flemming (1973) proposes that supersensitivity

and subsensitivity are probably opposite expressions of

the same phenomenon, namely "when functional nerve

activity is chronically increased or decreased (surgi-

cally, physiologically, pathologically or pharmacolog-

ically) the sensitivity of most distal effectors to any

process which initiates a response in the effector is

slowly altered in a direction which will compensate for

the altered neural input" (Flemming, 1973). This "Law



of Innervation" is a statement relating to postjunctional

receptor phenomenon; however, there is reason to suspect

that it could just as well apply to sympathetic presynaptic

receptors

The rat tail (caudal) artery was used to take advan-

tage of its thermoregulatory function. Thermogenic (cold)

stress was used to alter the neural (sympathetic) activity

of this vessel. Cold stress provokes sympathetic nervous

activation in rats as evidenced by an increase in the

in vitro tyrosine hydroxylase activity in peripheral sym-

pathetic ganglia and adrenal medulla (Thoenen, 1970) and

also by the rise in urinary catecholamines (Motelica, 1969).

The purpose of the present study was four fold, to

determine: (1) If acetylcholine modifies the vascular

response to norepinephrine released by electrical stimu-

lation of the caudal artery of the rat; (2) If this effect

of acetylcholine is mediated via a muscarinic recptor; (3)

If a chronic increase in sympathetic nerve activity alters

the ability of acetylcholine to modify the vascular re-

sponse to norepinephrine released by electrical stimulation;

(4) If there is an alteration as described in 3, is it due

to a change in the sensitivity of the presynaptic muscarinic

receptor.
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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 individual 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 treatment

groups, either non-stress or cold stress 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 maintained at 2.5 ± 0.5°C. Once

assigned, the rats were housed at these temperatures for

up to five days.

Isolated Rat Tail (Caudal) Artery

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

and the caudal artery was exposed and freed of surround-

ing tissue. A 15 to 20 mm segment of this vessel was

taken from the proximal end of the tail and cannulated at

both the distal and proximal 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
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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% 02-5% CO2. This system allows solutions

to be applied independently to the intraluminal or extra-

luminal surfaces of the artery. Perfusion flow rates

ranged from 1.4 to 2.2 ml/min.; however, for each artery

the rate of flow was constant. A rate of flow was estab-

lished to give a baseline perfusion pressure of 50 mm Hg

for the individual artery. 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 ampli-

tude, 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 (100V)

were applied at 3.2, 5.6, 10.0 or 18.0 pulses/second (Hz)

in 10 second trains every three minutes by means of a

Grass stimulator.



7

Drugs

As noted earlier this system allows the independent

administration 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.

Drugs administered extraluminally were removed by flushing

the bath three times with three bath volumes of Krebs

solution.

Drugs used were as follows: 1-norepinephrine

bitartrate (NE) (Levophed
R ) was obtained from Breon Labora-

tories Inc., New York, New York, acetylcholine chloride

(ACh) and atropine sulfate were obtained from Calbiochem-

Behring Corporation, San Diego, California. Norepinephrine

was made fresh each day as a stock solution of 10-5M in

10
-3
N hydrochloric acid. Acetylcholine and atropine were

kept as stock solutions of 1 mg/ml in 0.9% NaC1 at 4°C.

The weights of drugs reported in this paper refer to the

base.



Tyrosine Hydroxylase Assay

Tyrosine hydroxylase activity was determined by

utilizing the radioactive assay developed by Nagatsu and

co-workers (1964), 1973) as modified by Kohler et al., (1975,

1977). Tritiated tyrosine was purified by the method of

Coyle (1972) and stored in absolute ethanol at -18°C until

use. The amount of labeled tyrosine and the final concen-

tration of reagents in the incubation medium for the assay

were as follows: 6.2 X 10
5
dpm of H

3 tyrosine; 100.0 mM

NaAc buffer, pH 6.0; 1.3 mM DL-6- methyl- 5,6,7,8 tetra-

hydropterine, dihydrochloride; 120.0 mM mercaptoethanol;

and 0.2 mM cold L-tyrosine in a final volume of 0.10 ml.

The caudal artery from the tail of a rat was removed and

prepared as a 10.0 - 15.0% homogenate in distilled H20.

The homogenate was spun at 30,000 X g for 25 minutes and

75 pl of this crude supernatant was used for the assay.

The tyrosine hydroxylase reaction mixtures were

incubated while shaking at 37°C for 15 minutes and the

reaction was terminated with the addition of 0.5 ml of

5.0% trichloroacetic acid. Blanks were inactivated at

time zero by trichloroacetic acid and consisted of super-

natent enzyme plus reagents. Protein was determined by

the method of Lowry et al., (1951), with bovine serum

albumin as standard.
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Chemicals (Reagents)

Chemicals used were as follows: Cold L-tyrosine,

and 2-mercaptoethanol were obtained from Aldrich Chemical

Company, Milwaukee, Wisconsin; DL-6-methy1-5,6,7,8-tetra-

hydropterine was obtained from Calbiochem-Behring Corpora-

tion, San Diego, California; and 3,5-ditritio-L-tyrosine,

specific activity 40 Ci/mmol was obtained from Amersham-

Searle Corporation, Des Plaines, Illinois.

Statistical Analysis

The means of tyrosine hydroxylase activity in vessels

from non-stressed, 3 day cold-stressed and 5 day cold-

stressed rats were compared for differences by a one tailed

Students t-test for unpaired data (Ott, 1977). Data in table

4 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). Dif-

ferences in the log dose-inhibition curves of vascular

tissue from non-stressed and cold-stressed rats were deter-

mined using 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
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acetylcholine and frequency of stimulation on caudal arte-

ries from non-stressed compared to cold-stressed rats was

determined using a 6-point parallel line assay (6-point

bioassay) by Finney (1964). All other tests of significance

for difference between means of caudal arteries from non-

stressed and cold-stressed rats were performed by a two

tailed Students t-test for unpaired data (Ott, 1977).
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RESULTS

Cold-Stress and Tyrosine Hydroxylase

The caudal artery of rats subjected to cold stress

for three to five days showed a significant increase in

tyrosine hydroxylase activity when compared with control.

Furthermore, the tyrosine hydroxylase activity in the caudal

artery of the five day cold-stressed rats was significantly

higher than in the arteries of the three day cold-stressed

rats (table 1). Based on this information, I decided to

use five day cold stress in the rest of the experiments

to increase sympathetic nerve activity. All further

references to cold stress in this paper mean five day

cold stress unless otherwise stated.

Stimulation with Norepinephrine

To determine the responsiveness of the effector unit,

norepinephrine, in a concentration of 10
-7
M was perfused

intraluminally and the response after 60 seconds was

measured. The mean response of arteries obtained from

rats subjected to cold stress for five days was slightly

greater than the mean response of arteries from non-stressed

rats, but this difference was not significant (table 2).
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Table 1. Effect of Cold Stress on Tyrosine Hydroxylase

Activity in the Caudal Artery of the Rat.

Tyrosine Hydroxylase

(nmoles DOPA formed/mg protein/15 min)

Non-Stressed 0.213 ± 0.052

(5)

3 Day Cold-Stressed 0.491 ± 0.087a

(5)

5 Day Cold-Stressed 0.728 ± 0.070b'c

(5)

a p<0.025 vs. non-stressed. b p<0.0005 vs. non-stressed.

p<0.05 vs. 3 day cold-stressed.

Each value represents the mean -I- S.E.M. Number of

animals in parentheses.
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Table 2. Response of Caudal Arteries After 60 Second

Exposure to 10-7M Norepinephrine Perfused

Intraluminally.

Perfusion Pressure

(mm Hg)

Non-Stressed

5 Day Cold-Stressed

27.20 ± 9.32

(10)

37.50 ± 8.84a

(10)

a no significant difference p>0.40 vs. non-stressed.

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

animals in parentheses.
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Effect of Acetylcholine Alone

Acetylcholine administered extraluminally in varying

concentrations (3.2, 10.0, 32.0, 100.0 or 320.0 ng/ml)

had no effect on the basal perfusion pressure. This was

performed on ten arteries from non-stressed rats and ten

arteries from cold-stressed rats.

Effect of Acetylcholine on the Response to Exogenous

Norepinephrine

To determine if acetylcholine has an effect on the

postsynaptic effector unit, arteries were stimulated with

10
-7M norepinephrine intraluminally. After the response

to norepinephrine had reached a plateau, 100 ng/ml acetyl-

choline was administered extraluminally and the effect

of acetylcholine on the response to norepinephrine noted.

Acetylcholine did not modify the response of the arteries

to norepinephrine. This procedure was performed on ten

arteries from non-stressed and ten arteries from cold-

stressed rats, and the absence of effect of acetylcholine

on norepinephrine response was observed in both groups.
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Electrical Stimulation

At the beginning of each experiment arteries were

stimulated with a ten second train of pulses at 10 Hz

every three minutes until the responses became constant.

This response was measured for each artery and the mean

of the responses of the arteries from the cold-stressed

rats compared with the mean of the responses of the arter-

ies from the non-stressed rats. The mean response of the

arteries from the stressed rats was significantly less

than the mean response of the arteries from the non-

stressed rats (table 3).

Effect of Acetylcholine on Electrical Stimulation

The effect of acetylcholine on the response of the

isolated perfused caudal artery to electrical stimulation

was determined in two ways. First the artery was stimu-

lated with a constant frequency of electrical stimulation

(10 Hz) and the response inhibited with varying concentra-

tions of acetylcholine (3.2, 10.0, 32.0, 100.0 or 320.0

ng /ml). The second method was to vary the frequency of

electrical stimulation (3.2, 5.6, 10.0 or 18.0 Hz) and

use a constant concentration of acetylcholine (32.0 ng/ml)

to inhibit the response.
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Table 3. Response of Caudal Arteries to 10 Second

Train of 10 Hz Electrical Stimulation.

Perfusion Pressure

(mm Hg)

Non-Stressed

5 Day Cold-Stressed

109.38 ± 11.05

(10)

68.13 ± 5.92a

(10)

a p<0.01 vs. non-stressed.

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

animals in parentheses.
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In the first method, the caudal artery preparation

was stimulated with a ten second train of pulses at

10 Hz every three minutes until the response became

constant. Acetylcholine was then introduced extralumin-

ally at one of the above concentrations two minutes before

the subsequent stimulation. The artery was then washed

out as described earlier and at least one control response,

without the acetylcholine, elicited. This procedure was

repeated for each concentration of acetylcholine.

The percent inhibitory effect was determined by

dividing the contractile response in the presence of

acetylcholine by the control response immediately preced-

ing the inhibited response. This figure is multiplied

by 100 to get the percent control response and then

subtracted from 100 to obtain the percent inhibition due

to acetylcholine. When the mean inhibitory responses at

each concentration of acetylcholine, of the arteries from

the cold-stressed rats and the non-stressed rats are

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

relationship is seen (figure 1). There is no statistical

difference between the means of the two treatment groups

at an acetylcholine concentration of 3.2 ng/ml. However,

at each of the other four concentrations tested (10.0,

32.0, 100.0 or 320.0 ng/ml), the mean inhibitory effect

of acetylcholine on vascular responses to electrical
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Figure 1. The effect of acetylcholine on vascular

responses to electrical stimulation of

sympathetic nerves from non-stressed and

cold-stressed rats. Electrical stimulation

was 10 Hz for all experiments. Each point

is the mean ± S.E.M. of ten animals.
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stimulation was significantly greater in arteries from

cold-stressed animals than in arteries from the non-

stressed animals (table 4).

Multiple regression analysis with indicator variable

was performed for the linear portion (i.e., exclude means

at 3.2 ng/ml) of the two log dose-inhibition curves and

the regression equations determined for each (figure 2).

The regression lines were tested for difference in slope

by means of a t-test and found not to differ significantly.

Therefore, the equations given assume equivalent slopes.

However, when the regression lines describing the log dose

inhibition curves of the arteries from non-stressed and

stressed rats are tested for a difference in their Y-inter-

cepts; they are found to differ significantly, p<0.01

(figure 2). This indicated that the caudal arteries of

rats subject to five days of cold stress are more sensitive

to the inhibitory effects of acetylcholine at concentrations

of 10.0, 32.0, 100.0 and 320.0 ng/ml on 10 Hz electrical

stimulation than are the caudal arteries from non-stressed

rats.

To quantify the effect of cold stress on the inhibi-

tory effect of acetylcholine, on the caudal artery's

response to electrical stimulation; a 6-point parallel

line assay (6-point bioassay), was performed. It was

determined that the relative potency of acetylcholine,



Table 4. Comparison of Non-Stressed and Stressed Caudal Arteries Under Various

Conditions.

Percent Inhibition

10 Hz ACh 32 ng/ml

ACh
(ng/ml)

3.2 10.0 32.0 100.0 320.0 Hz 3.2 5.6 10.0 18.0

Non-Stressed 14.29 18.02 32.35 57.49 88.63 75.08 52.11 34.12 13.00

±1.33 ±2.05 ±1.64 ±1.82 ±2.06 ±2.13 ±2.88 ±2.25 ±3.18

5 Day 14.21a 25.83b 48.20b 77.37b 96.22
b 78.88a 64.55

b
47.80

b
26.95

b

Cold-Stressed ±1.87 ±1.46 ±2.47 ±2.34 ±0.71 ±3.42 ±3.69 ±2.90 ±3.23

a p>0.05 vs. non-stressed. b p<0.01 vs. non-stressed.

Each value represents the mean ± S.E.M. n = 10 rats for all values.
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Figure 2. Regression lines describing the log dose-

inhibition curves of figure 1. Symbols

represent mean of responses from ten animals

as shown in figure 1. Values at 3.2 ng/ml

not used, see text. Coefficient of correla-

tion (r) = .9924.
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to inhibit the response of caudal arteries to electrical

stimulation, on vessels from cold-stressed rats compared

to vessels from non-stressed rats was 2.14, with a 95%

confidence interval of 2.07-2.20 (figure 3).

In the second method used to evaluate the effect of

acetylcholine 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.

Acetylcholine was then introduced extraluminally at the

same concentration each time (32.0 ng/ml), two minutes

before the subsequent stimulation. Following the response

to electrical stimulation, acetylcholine was flushed out

and at least one control response without the acetylcholine

elicited. This procedure was repeated for each frequency

of stimulation. The percent inhibition was determined

in the manner described above. When the log frequency

inhibition curves were plotted the curves showed that,

in both treatment groups, the ability of acetylcholine

to inhibit the response of the arteries to electrical

stimulation was much greater at low frequencies of stimu-

lation and this inhibition diminishes as the frequency of

stimulation increases (figure 4).

At a frequency of 3.2 Hz there was only a slight

difference in the mean inhibition by acetylcholine on
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Figure 3. 6-point bioassay to determine the relative

potency (R) of acetylcholine on the inhibi-

tion of vascular responses to electrical

stimulation of sympathetic nerves from non-

stressed and cold-stressed rats. 95% confi-

dence interval in parentheses. Points are

derived from the following equations:

Non-stressed Y=50.47 + 26.96 (-1,0,+1)

5 day
cold-stressed Y=58.59 + 26.96 (-1,0,+1)
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Figure 4. The effect of acetylcholine on vascular

responses to electrical stimulation of

sympathetic nerves from non-stressed and

cold-stressed rats. Acetylcholine concen-

tration was 32 ng/ml for all experiments.

Each point is the mean ± S.E.M. of ten

animals.
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the vascular response to electrical stimulation, in the

two treatment groups. This difference was not significant.

When the means of inhibition by acetylcholine, of respon-

ses to electrical stimulation at the other frequencies

utilized (5.6, 10.0 or 18.0 Hz) from animals exposed to

cold stress are compared with those from non-stressed

animals, a significant difference is seen. The acetyl-

choline, at 32.0 ng/ml, inhibits this response in arter-

ies from cold-stressed animals to a greater extent than

was seen in those arteries from non-stressed animals

(table 4).

Multiple regression analysis with indicator variable

was performed for the two log frequency inhibition curves

and the regression equations determined for each (figure 5).

The regression lines were tested for difference in slope

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

at p>0.05. Therefore, the equations given assume equiva-

lent slopes. However, when the regression lines describ-

ing the log frequency inhibition curves of arteries from

non-stressed and cold-stressed rats were tested for a

difference in their Y-intercepts; they were found to

differ significantly, p<0.01 (figure 5). This shows that

rats subject to five days of cold stress were more sensi-

tive to the inhibitory effect of acetylcholine at a

concentration of 32.0 ng/ml on 5.6, 10.0 and 18.0 Hz
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Figure 5. Regression lines describing the log frequency-

inhibition curves of figure 4. Symbols repre-

sent mean of responses from ten animals as

shown in figure 4. Coefficient of correlation

(r) = .9949.
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electrical stimulation, than the caudal arteries from non-

stressed rats.

To quantify the effect of cold stress on the inhibitory

effect of acetylcholine, on the vessel's response to electri-

cal stimulation; a 6-point parallel line assay was performed.

It was determined that cold stress induced a shift in the

frequency-inhibition curve such that percent inhibitions

typically seen in the preparations from non-stressed animals

were detected at frequencies 1.49 fold higher in preparations

from cold-stressed animals. The 95% confidence interval of

this relative frequency shift was 1.46 - 1.52 (figure 6).

Effect of Atropine on Inhibition by Acetylcholine

To test the proposition that the effect of acetylcho-

line was mediated via muscarinic receptors, arteries were

stimulated as described in the above section at 10Hz and the

subsequent response inhibited by 320.0 ng/ml acetylcholine.

However, instead of flushing the acetylcholine, 100 ng/ml

atropine was introduced into the bathing fliud prior to the

next stimulation. The ability of atropine to block the inhi-

bition of the response was reported as the percent of control

response, and calculated by dividing the response in the pres-

ence of atropine and acetylcholine by the control response

immediately preceding the inhibited response and multiplying

by 100.
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Figure 6. 6-point bioassay to determine the relative

potency (R) of electrical stimulation (Hz),

in the presence of acetylcholine, to elicit

a vascular response in the caudal artery from

non-stressed and cold-stressed rats. 95%

confidence interval in parentheses. Points

are derived from the following equations:

Non-stressed Y=33.08 + 19.2 (+1,0,-1)

5 day
cold-stressed Y=46.43 + 19.2 (+1,0,-1)
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The ability of atropine to restore the response to control

values was shown not to differ significantly for arteries

from both the non-stressed and stressed groups when their

means are compared (table 5).
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Table 5. Ability of Atropine (100 ng/ml) to Restore

the Response of Caudal Arteries to 10 Hz

Electrical Stimulation in Presence of

Acetylcholine (320 ng/ml).

Response

(percent of control)

Non-Stressed

5 Day Cold-Stressed

94.88 ± 4.16

(10)

104.45 ± 3.25a

(10)

a no significant difference p>0.10 vs. non-stressed.

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

animals in parentheses.
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DISCUSSION

Electrical stimulation resulted in contraction of

the caudal arteries from rats in the present study. Pre-

vious experiments utilizing pharmacological tools have

shown that electrical stimulation, similar to that in

the present study, results in vascular constriction by

activation of the sympathetic nerve endings (Vanhoutte

et al., 1967, 1974). Electrical stimulation has also

been observed to increase outflow of tritiated norepi-

nephrine from vascular tissue (Steinsland et al., 1972;

Shepherd, 1978). This suggests that electrical stimu-

lation caused contraction of the caudal arteries by

stimulation of sympathetic nerve endings rather than by

activation of the vascular smooth muscle cells.

In the present study, acetylcholine inhibited the

contractile response of caudal arteries from non-stressed

rats to electrical stimulation (figure 1, 4; table 4).

Acetylcholine alone had no effect on the basal perfusion

pressure of the caudal arteries from the non-stressed

rats, nor did it alter the vascular response of the tail

arteries from the non-stressed rats to norepinephrine.

From this data it can be concluded that acetylcholine

inhibits the response of the rat tail (caudal) artery

to electrical stimulation. Furthermore, the observations
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that acetylcholine alone, at a concentration that inhibits

vascular response to electrical stimulation, has no effect

on basal perfusion pressure and that acetylcholine fails

to alter the vascular response to stimulation by norepi-

nephrine suggests that acetylcholine at the concentration

used in this study is not acting post-synaptically. It

appears then, that acetylcholine is most likely exerting

its effect on the neuronal membrane.

Atropine was shown to restore to control levels the

vascular response of arteries from non-stressed animals

to electrical stimulation in the presence of acetylcholine

(table 5). This supports the work of others who have

demonstrated inhibitory muscarinic receptors in other

blood vessel preparations (Rand and Varma, 1970; Hume

et al., 1972; Steinsland et al., 1973; Vanhoutte and

Shepherd, 1973; Vanhoutte, 1974). It can be concluded

that the inhibitory effects of acetylcholine on vascular

response to electrical stimulation in the tail artery

of non-stressed rats is mediated via muscarinic receptors.

Acetylcholine inhibits the response of arteries from

non-stressed rats to electrical stimulation in a dose-

dependent manner (figure 1). In addition, acetylcholine,

at a constant concentration, inhibits the vascular response

in arteries from non-stressed animals to variable frequen-

cies of electrical stimulation. This inhibition is more
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pronounced at low frequencies of stimulation and decreases

as the frequency of stimulation increases (figure 4).

This is in agreement with observations in other vascular

preparations (Rand and Varma, 1970; Hume et al., 1972;

Steinsland et al., 1973). It can be seen that acetyl-

choline, a classic muscarinic agent, acts in a dose-

dependent manner and its action is blocked by a competitive

antagonist, atropine. These data would suggest that

acetylcholine is acting via a classical drug-receptor

interaction on the innervation of the rat tail artery.

The mechanism by which acetylcholine, as seen in the

present experiments, inhibits the stimulation evoked

release of norepinephrine is unknown. However it has

been proposed that hyperpolarization of the adrenergic

nerve endings is the mechanism by which acetylcholine

inhibits the release of norepinephrine (Vanhoutte, 1977;

Shepherd, 1978). The acetylcholine is thought to be

released from cholinergic nerves that terminate close to

the varicosities of the adrenergic nerves and inhibit

the release of norepinephrine as just described (Westfall,

1977). This interaction has been termed "The Muscarinic-

Inhibitory Hypothesis" (Westfall, 1977).

An increase in sympathetic nervous activity at the

tail artery is presumed to decrease blood flow in the tail

as a means of preserving body heat when the rat is placed
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under conditions of chronic cold stress. Rats subjected

to cold stress do undergo an activation of the sympathetic

nervous system as evidenced by an increase in urinary cate-

cholamines and their metabolites (Johnson, 1963; Motelica,

1969), and by enhanced synthesis of norepinephrine in

peripheral organs and the central nervous system (Gordon

et al., 1966; Simmonds, 1969; respectively). Further

evidence of increased sympathetic activity is seen by the

rise in tyrosine hydroxylase activity in the peripheral

sympathetic ganglia, adrenal medulla and central nervous

system of cold-stressed rats (Thoenen, 1970). In the

present study, rats subjected to three and five days of

cold stress experienced a significant increase in sympa-

thetic nerve activity in the artery, as suggested by the

rise in tyrosine hydroxylase activity (table 1).

The arteries of rats subjected to five days of cold

stress responded similarly to arteries from non-stressed

rats in some ways. There was no significant difference

in the response between arteries from cold-stressed and

non-stressed rats after a 60 second exposure to intralumin-

ally perfused norepinephrine (table 2). Acetylcholine

alone, at a concentration that caused inhibition of vas-

cular response to electrical stimulation, had no effect

on the basal perfusion pressure of arteries from non-

stressed or cold-stressed rats. Acetylcholine did not
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effect the response of arteries from either cold-stressed

or non-stressed rats, stimulated with intraluminally per-

fused norepinephrine. Lastly, there was no significant

difference in the ability of atropine to restore the

response of vessels from either treatment group to elec-

trical stimulation in the presence of actylcholine (table 5).

These data suggest that the post junctional effector units

in the arteries of both treatment groups have equivalent

sensitivity to the adrenergic transmitter. Further, if

anything, the slightly higher response to norepinephrine

in the arteries of cold-stressed rats will underestimate

the inhibitory effect of acetylcholine on vascular response

to electrical stimulation when compared to arteries from

non-stressed rats. These data also suggest that acetyl-

choline is equally ineffective on vessels from either

treatment group at the post junctional effector unit.

Finally, it appears that acetylcholine works via muscarinic

receptors in the arteries of both cold-stressed and non-

stressed animals.

As noted in table 3 the arteries from the five day

cold-stressed rats showed a significantly lower response

to electrical stimulation than the arteries from the non-

stressed rats. We have already shown the effector units

to respond equivalently to norepinephrine. This data

suggests that a lower concentration of norepinephrine is
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reaching the vascular smooth muscle in the arteries from

the cold-stressed rats. Further studies are necessary to

determine if the decreased concentration of norepinephrine

at the vascular smooth muscle receptor is due to an in-

crease in neuronal reuptake, a decrease in release, or

a combination of both in the cold-stressed rats.

These experiments demonstrate that the vascular

response to electrical stimulation, in the presence of

acetylcholine, is altered in arteries from rats subjected

to a chronic elevation in sympathetic nervous system tone.

Arteries were subjected to stimulation at a constant fre-

quency (10 Hz), and the response inhibited with variable

concentrations of acetylcholine. It was found, except at

the lowest concentration of acetylcholine, that the mean

responses of arteries from the cold-stressed rats were

always inhibited to a significantly greater extent than

the mean responses of arteries from the non-stressed rats

(table 4). The inability to demonstrate a significant

difference in the means of inhibition at 3.2 ng/ml may

be explained by the fact that the values at this concen-

tration lie in the nonlinear portion of the dose response

curve. The data in this portion of the curve tend to be

skewed and it becomes more difficult to detect a difference

in the means in this nonlinear portion of the dose response

curve (Condouris, 1971). The regression lines describing
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the inhibition of response to electrical stimulation by

acetylcholine in the vessels, from cold-stressed and non-

stressed rats, were found to be parallel and have signi-

ficantly different Y-intercepts (figure 2). Goldstein

et al. (1974), state "...drugs that produce the same effect

by the same mechanism but differ in potency yield parallel

line segments...". It is also felt that drugs acting by

the same mechanism of action implies interaction with the

same receptor site. It can be assumed then, that the

acetylcholine is working via the same receptors to give

the same effect in the arteries from both cold-stressed

and non-stressed animals, but the potency has been altered

in the arteries from the cold-stressed rats. The signi-

ficant difference in the Y-intercepts demonstrates a

directional shift in the dose-inhibition curve. As can be

seen in figure 2, cold stress results in a shift to the

left. This directional shift can be quantified by means

of a 6-point bioassay (figure 3). When the 6-point bio-

assay was performed it was found that the arteries from

cold-stressed rats responded as if a 2.14 fold greater

dose of acetylcholine had been administered to them

relative to the arteries from the non-stressed rats.

Recall from above that the regression lines were found

to be parallel. Some possible mechanisms which might pro-

mote such a parallel shift in the dose-inhibition curve are:
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1. An alteration of the muscarinic receptor, or

its environment, yielding an increased affinity

for acetylcholine.

2. An increase in the number of muscarinic receptors.

3. Facilitation of one or more of the events which

are initiated by the acetylcholine-receptor

interaction.

Arteries were stimulated with various frequencies of

electrical stimulation and the response inhibited with a

constant concentration of acetylcholine as described

earlier. The mean responses of the arteries from cold-

stressed rats were inhibited significantly more than the

responses of the arteries from the non-stressed rats,

except at the lowest frequency of stimulation (table 4).

Again, if anything, the inhibition of the electrical res-

ponse by acetylcholine in the cold-stressed arteries is

underestimated because of the slightly greater vascular

response to norepinephrine. A possible explanation for

the failure to show a significant difference in the means

of inhibition at the lowest frequency of stimulation is

similar to the explanation given above. These values lie

in the portion of the curve tending towards nonlinearity

where skewing takes place and it becomes more difficult

to detect differences in the means of inhibition (Condouris,

1971). It should also be noted that the absolute magnitude
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of the response to the low frequency of electrical stimu-

lation is small when compared to responses at higher

frequencies. Technically, this makes it more difficult

to determine the percent inhibition with the same degree

of accuracy as in the response at higher frequencies of

electrical stimulation. The regression lines describing

log frequency-inhibition curves were found to be parallel

and have significantly different Y-intercepts (figure 5).

As would be predicted, the linear portions of the fre-

quency response curves are parallel in the two treatment

groups, since there is no reason to suspect that cold

stress has altered the basic mechanism by which electrical

stimulation, at the frequencies tested, produce a release

of neurotransmitter. The 6-point bioassay is again used

to quantify the shift demonstrated by the difference in

Y-intercepts (figure 6). The results of the 6-point

bioassay indicate that cold-stressed arteries respond to

32 ng/ml of acetylcholine with an inhibition which is

typical of that obtained at two-thirds the frequency

(1/1.49) in arteries obtained from the non-stressed animals.

That is to say that acetylcholine produced the functional

equivalent of reduced sympathetic nervous system tone by

1/1.49 Hz following chronic elevation of sympathetic

activity. From the above data comparing the caudal arte-

ries of the two treatment groups, it appears that in the
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presence of a chronic increase in sympathetic nerve

activity the presynaptic muscarinic receptors, associated

with the regulation of norepinephrine release, have become

supersensitive. Changes in the sensitivity of post-

synaptic receptors is a commonly observed phenomenon.

However, changes in the sensitivity of presynaptic recep-

tors has rarely been observed (Crews and Smith, 1978), and

has never before been observed in vascular neuroeffector

units.

If the "The Muscarinic-Inhibitory Hypothesis" is

true and if in the presence of increased sympathetic

nerve activity the presynaptic muscarinic receptors become

supersensitive to acetylcoline, then acetylcholine has

greater control over the release of norepinephrine,

especially at the mid to high range of sympathetic nerve

activity where inhibition is normally least effective.

Failure of this modulatory mechanism to adapt may be

important in pathological conditions, such as hypertension,

where sympathetic nervous system hyperactivity is suspected.
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