Br. J. Pharmac. (1978), 64, 229-237.

AGE-RELATED CHANGES
IN THE RESPONSE OF RABBIT

ISOLATED AORTAE TO VASOACTIVE AGENTS

SHIGEHIRO HAYASHI & NOBORU TODA

Department of Pharmacology, Shiga University of Medical Sciences, Seta, Ohtsu 520-21, Japan

1 In helically-cut strips of aortae from rabbits of different ages (2 to 360 days old), responses
to vasoconstrictor and vasodilator agents were compared.

2 The passive tension developed by the same magnitude of stretch was markedly less in aortae
from immature rabbits than in aortae from mature rabbits.

3 Contractile responses to noradrenaline and K* increased with age in the range from 2 to 90
days. High concentrations of noradrenaline (10° and 5 x 1075 M) produced relaxation of aortic
strips from immature rabbits (2 to 30 days). The response to histamine was not altered with age.
Age-dependent reductions (90 to 360 days) in the response to 5-hydroxytryptamine were observed.

4 Relaxations induced by isoprenaline of aortic strips contracted with prostaglandin F,, increased
with age in the range from 2 to 30 days but decreased with age from 30 to 360 days. Similar
age-related alterations in the relaxant response to adenosine were observed.

5 It is concluded that aortae from immature rabbits are more distensible than those from mature
rabbits; a-adrenoceptors mature during an early postnatal period (2 to 30 days), and 5-hydroxytrypta-
mine receptor mechanisms deteriorate with age (older than 90 days). The B-receptor mechanism

does not seem to alter greatly with age.

Introduction

It is widely accepted that cardiovascular responses
to drugs differ in animals of different ages. Isolated
aortae, arteries or veins from animals at different
stages of development respond differently to vasodila-
tor agents. However, the results are not always consis-
tent; Fleisch, Maling & Brodie (1970), Fleisch (1971),
Fleisch & Hooker (1976) and Ericsson & Lundholm
(1975) demonstrated that vascular relaxations induced
by isoprenaline decrease with age, while Park, Diehl
& Sunderson (1976) came to the opposite conclusion.
On the other hand, little information is available con-
cerning age-related alterations in the response to
vasoconstrictor agents.

The present study was undertaken to clarify differ-
ences in the responses to vasoconstrictor and vasodi-
lator agents of aortae isolated from rabbits of differ-
ent ages (2 to 360 days).

Methods

Albino rabbits of either sex and of different ages were
used. Under ether anaesthesia, the animals were killed

by exsanguination from the common carotid arteries.
The thoracic aorta was rapidly removed, cleaned and
cut into spiral strips. The specimen was fixed verti-
cally between hooks in the muscle bath containing
the nutrient solution, which was maintained at
37 £ 0.5°C and aerated with a mixture of 95% O,
and 5% CO,. Hooks anchoring the upper end of the
strip were connected to the lever of a force-displace-
ment transducer (Nihonkoden Kogyo Co. Tokyo,
Japan). The composition of the solution was as fol-
lows (mM): Na* 162.1, K* 54, Ca?* 22, HCO;
14.9, C1~ 157.0, and dextrose, 5.6. The pH of the solu-
tion was 7.2 to 7.3. Osmotic adjustment was not made
when K* in concentrations up to 50 mm was added.
Before measurements were taken, the preparations
were allowed to equilibrate for 60 to 90 min in control
media, during which time the solution was replaced
every 10 to 15 min.

Neonatal rabbits housed in this laboratory ingested
maternal milk and then artificial food for 360 days
or longer. Rabbits of 2 +1, 5+ 1, 12+ 3, 30 + 3,
90 + 10, 180 + 30 and 360 + 60 days after birth were
used. The body weight of these rabbits, the outside
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Figure 1 Length-tension relationships of spirally cut strips of aortae isolated from rabbits of different
ages. (a) Passive tensions; (b) active tensions developed in response to 2 x 10-4 m histamine. Vertical
and horizontal bars represent s.e. means. Figures in parentheses indicate the number of preparations used.

Table 1 Age-related changes in the body weight of rabbits, the outside diameter and wall thickness
of aortae, and the length and width of aortic strips

Age Body weight Outside diameter Wall thickness Length Width
(days) (g) (mm) (mm) (mm) (mm)
2 68 + 3 1.18 + 0.05 0.18 + 0.01 185 + 0.6 21 + 01
(35) (7) (7) (8) (8)
5 113 + 6 1.25 017 18.9 2.2
(26) (2) (2) (2) (2)
12 203 + 15 1.65 0.24 226 28
(28) M 1) M 1)
30 660 + 45 299 + 0.09 0.30 + 0.01 264 + 038 46 + 01
(18) (6) (6) (6) (6)
90 2280 + 50 3.99 + 0.06 0.30 + 0.02 233 + 04 56 + 0.2
" (59) 9) (9) (9) (9)
180 3900 + 140 3.98 + 0.12 0.32 + 0.01 249 + 06 52 +02
(22) (9) (9) (9) (9)
360 4270 + 140 3.92 + 0.12 0.31 + 0.01 239 + 01 53 + 0.3
11) (6) (6) (7 (7)

Aortae and aortic strips were totally relaxed at room temperature. Figures in parentheses indicate the
number of preparations or animals used.
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Figure 2 Contractile responses of aortae from rabbits of different ages (a) to K+ and (b) to 5-hydroxy-
tryptamine. Vertical bars represent s.e. means. Figures in parentheses indicate the number of preparations

used.

diameter and wall thickness of aortae, and the length
and width of aortic strips are summarized in Table
1. The ratio of the wall thickness to the radius de-
creased with increasing age up to 90 days; average
ratios were 0.31 on day 2, 0.27 on day 5, 0.29 on
day 12, 0.20 on day 30, 0.15 on day 90, and 0.16
on days 180 to 360. Resting tensions were adjusted
to 1.5g, 5g and 7g for aortic strips from rabbits of
2 to 30 days, 90 days and 180 to 360 days, respect-
ively; at these resting tensions, 76 to 889 the maxi-
mum contraction in response to 2 x 10™* M hista-
mine was obtained (see length-active tension curves
in Figure 1).

Length-passive tension relationships were obtained
by stretching the strip stepwise in a range from 0
to 2 g for rabbits of 2 to 5 days, to 15 g for 90 days
or to 20 g from 180 to 360 days. The length of the

strip before and after stretching was measured, and
relative increase in the length was estimated. After
stretching, the strip was equilibrated for 10 to 20 min
in control media and histamine in a concentration
of 2 x 10™* M was added to obtain the active tension.
Details of the procedures were described in an earlier
paper (Toda, Hatano & Hayashi, 1978).

Isometric contractions and relaxations were
recorded on an ink-writing oscillograph (Sanei Sokki
Co., Tokyo, Japan). Drugs were added directly to
bathing media in cumulative concentrations. Results
are expressed as mean values + standard errors of the
means. Statistical analyses were made with Student’s
t test. Drugs used were (+)-noradrenaline hydrochlo-
ride, 5-hydroxytryptamine creatinine sulphate, hista-
mine dihydrochloride, (4)-isoprenaline hydrochlo-
ride, adenosine, papaverine hydrochloride, (+)-pro-
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Figure 3 Contractile responses of aortae from rabbits of different ages to histamine and noradrenaline.

pranolol hydrochloride, phentolamine mesylate,
cinanserin, chlorpheniramine maleate and prosta-
glandin F,,.

Results
Length-tension relationships

The length-passive tension curve obtained in helically
cut strips of aortae from rabbits of 2 to 5 days was
appreciably different from the curves at 90 days and
360 days, but the latter curves were practically identi-
cal (Figure 1a). Active tensions developed in response
to 2 x 107*M histamine increased with increasing
stretch of the aortic strips: maximum active tensions
were attained when aortic strips were stretched
758 + 54% (n=9) at 2 to 5 days, 69.7 + 2.2%

(n = 11) at 90 days and 78.0 + 3.4% (n = 4) at 360
days (Figure 1b).

Responses to vasoconstrictor agents

The addition of K* (5 to 50 mMm), noradrenaline
(5x107° to 2x 1075wm), S5-hydroxytryptamine
(5-HT, 107° to 1075M), and histamine (10”7 to
2 x 107 M) caused a dose-related contraction in
helical strips of aortae from rabbits of different ages
(Figures 2 and 3). The maximum tension developed
by K*, noradrenaline and histamine was related di-
rectly to age (2 to 360 days). However, 5-HT-induced
contractions varied directly with increasing age from
2 to 90 days but inversely with age from 90 to 360
days (Figure 2b). Contractile responses of aortae from
mature and immature rabbits to noradrenaline, 5-HT
and histamine were suppressed by 10~ °M phentola-
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Figure 4 Dose-response curves to noradrenaline
in aortae from rabbits of different ages. Contractions
induced by 2 x 10-® m noradrenaline were taken
as 100%; mean absolute values from aortae of rab-
bits aged 2, 5, 12, 30, 90, 180 and 360 days were
214 + 14 mg (n =7), 297 + 38 mg (n = 12),
342 + 41 mg (n =6), 902 + 190 mg (n = 6),
3324 + 185 mg (n = 10), 3743 + 378 mg (n =
7) and 4077 + 606 mg (n = 7), respectively.

mine, 107°M cinanserin and 107®M chlorphenira-
mine, respectively.

Differences in the response to noradrenaline of aor-
tic strips from rabbits of different ages were compared
by taking contractions induced by 2 x 10~ ® M norad-
renaline as 100%. The results are shown in Figure
4. Relative contractions induced by noradrenaline in
concentrations ranging from 5 x 107° to 2 x 107 %M
were only slightly different in these aortic strips. How-
ever, the addition of noradrenaline in concentrations
higher than 2 x 1076 M elicited a dose-related relaxa-
tion in aortae from rabbits of 2 to 30 days, the relaxa-
tion being related inversely to age. Following treat-

ment for 20 min with 10~®M propranolol, the relax-
ant response of aortae from immature rabbits (2 to
12 days) to high concentrations of noradrenaline
(10735 and 5 x 107°M) was significantly attenuated
(Figure 5a). The relaxation induced by 103 M norad-
renaline was reversed to a contraction. In aortae from
90 day rabbits, propranolol potentiated the contrac-
tile response to high concentrations of noradrenaline
(Figure 5b).

Age-dependent differences in the maximum con-
traction induced by K *, noradrenaline, 5-HT and his-
tamine are presented in Figure 6. In the same prep-
arations, the greatest contraction was elicited by
5-HT on aortae from 2 to 30 day old rabbits and
by K* or noradrenaline on aortae from 90 to 360
day old rabbits; the greatest tension developed was
taken as 100%;,. The relative responses to S-HT were
greatly attenuated in aortae after day 90, whereas the
responses to noradrenaline and K* increased with
increasing age from 2 to 90 days. Histamine-induced
contractions were not appreciably altered with age.
Median effective concentrations of K*, noradrenaline
and histamine were not appreciably different in aortae
at different ages, while the value for 5-HT greatly in-
creased with increasing age from 90 to 360 days
(Table 2).

Responses to vasodilator agents

The addition of isoprenaline (10~° to 10~ ° M) and
adenosine (10~7 to 10™* M) caused a dose-dependent
relaxation when the strips had been contracted with
prostaglandin F,, (107° to 3 x 107%M) (Figure 7).
Such concentrations of prostaglandin produced a 40
to 65%, the maximum contraction, which persisted for
20 min or longer. Maximum relaxations induced by
isoprenaline relative to those by papaverine (10™* M)
increased with increasing age in aortae isolated from
rabbits of 2 to 30 days old, but the relaxations were
related inversely to age in rabbits older than 30 days.
Similar age-dependent differences were observed in
the response to adenosine (Figure 7b). The relaxant
effect of 10~ * M papaverine did not significantly differ
in aortae from rabbits of different ages. Mean values
of median effective concentrations of isoprenaline and
adenosine are summarized in Table 2. Lowest values
were obtained in aortae from rabbits of 30 days old;
at this age, the greatest relaxation was attained in
response to 10~ M isoprenaline or 10~*M adenosine
(Figure 7).

Discussion
The passive tension developed by the same magnitude

of stretch was markedly less in spiral strips from aor-
tae of neonatal rabbits (2 to 5 days) than in those
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Figure 5 Alterations induced by propranolol (10-¢ M) in the dose-response curve to noradrenaline (a)
in aortae from immature (2 to 12 days) and (b) mature (90 days) rabbits. (O) Control; (®) with propranolol.
Maximum contractions induced by noradrenaline in control media were taken as 100%: mean absolute
values in immature and mature rabbit aortae were 260 + 42 mg (n = 10) and 3466 + 355 mg (n = 11),
respectively. Significantly different from controls, **P < 0.001; *P < 0.01.

from mature rabbits (90 and 360 days), suggesting and their mother dogs have recently been reported
that neonatal rabbit aortae are more elastic and dis- (Cox, Jones & Swain, 1976).

tensible. Similar age-dependent alterations in the dis- In helical strips of aortae from mature rabbits (90
tensibility of arterial segments from litters of puppies to 360 days) the maximum contraction induced by

Table 2 Median effective concentrations of vasoactive agents in aortae isolated from rabbits of different

ages
Age (days) :

Agent 2 5 12 30 90 180 360
Noradrenaline 156+04 22+03 26 +07 07 +02 1.0 +01 29 +07 19 +03
(x10-7 m) (9) (12) (6) (6) (10) (7) (7)
5-Hydroxytryptamine 97 +18 118 +22 112 +28 50 +0.8°175 + 2.7° 443 + 10.0°2 121 + 40°
(x10-° m) (8) (8) (6) (7) (10) 7) (6)
Histamine 37 +06 67 +13 70+18 46 +12 73 +12° 74 +26 71 +1.9
(x10-¢ ™) (6) (7) (6) (7) (10) (7) )

K+ (mm) 205 +21 260 +23 262 +18 155 +15 189 +08 220 +14 197 + 1.6
(7) (5) (7) (10) (7) 7)

Isoprenaline 206 + 61 21.0 £+57 226 + 100 05 + 01 47 +0.7° 288 + 126 242 + 5.2
(x10-2 m) (8) (7) (10) 7) (15) (11) (9)

Adenosine 285 +80 73 +15° 68 +19° 38 +05°146 +29 200 +39 144 + 482
(x10-7 wm) (9) (8) (6) (6) (13) (13) 7

Significantly different from values at day 2: 2P < 0.01; PP < 0.02; °P < 0.05. Figures in parentheses
indicate the number of preparations used.
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Figure 6 Age-related changes in the maximum
contraction induced by K+ (A), noradrenaline (@),
5-hydroxytryptamine (O) and histamine (A). The
greatest contraction induced by one of these
agonists in same preparations was taken as 100%;
mean absolute values for aortae from rabbits aged
2, 5,12, 30, 90, 180 and 360 days were 483 + 65
mg (n =7), 490 + 27 mg (n = 6), 488 + 38 mg
(n =5),911 £+ 183 mg (n = 7), 4160 + 239 mg
(n =10), 5200 + 516 mg (n = 7) and 5466 +
597 mg (n = 7), respectively. Significantly different
from values at day 90, **P < 0.001; *P < 0.01;
tP < 0.02; ttP < 0.05. Significantly different from
values at day 2, ***P < 0.001.

vasoconstrictor agents, including noradrenaline, 5-HT
and histamine did not exceed the maximum contrac-

tion induced by K *, whereas in aortae from neonatal

and young rabbits (2 to 30 days) the contraction in-
duced by K* was significantly less than that induced
by 5-HT. Contractile responses to K* appear to de-
velop during an early postnatal period. Excess K*
may depolarize the membrane of vascular smooth
muscle cells to a lesser extent in immature rabbit aor-
tae than in mature aortae, or the influx of Ca?*
across cell membranes and the mobilization of Ca2*
from intracellular stores may be induced by excess
K™ less effectively in immature rabbit aortae.

5-HT produced a greater contraction of aortae
from neonatal rabbits, as compared with contractions
induced by other vasoconstrictor agents used. How-
ever, 5S-HT-induced contractions relative to those in-
duced by K* or noradrenaline markedly decreased

with increasing age. The 5-HT-induced contraction
of mature and immature rabbit aortae was specifically
antagonized by a 5-HT antagonist, cinanserin. There-
fore, it appears that the quantity or sensitivity of
5-HT receptors in smooth muscles of rabbit aortae
decreases with increasing age. On the other hand, in
mature (3 months old) and old rats (12 months), age-
related reductions in the contractile response of iso-
lated aortic strips to 5-HT have been demonstrated;
however, such reductions are also observed in
the responses to noradrenaline and K* (Cohen &
Berkowitz, 1976).

Contractile responses to noradrenaline relative to
the maximum contraction induced by 5-HT were
related directly to age in a range from 2 to 90 days
(Figure 6). The noradrenaline-induced contraction of
immature rabbit aortae was specifically attenuated by
phentolamine, as was the contraction of mature aor-
tae. The present study revealed that the relaxation
induced by f-receptor stimulation was not greater in
neonatal rabbit aortac than in mature aortae. The
content of noradrenaline and the quantity of catechol-
amine fluorescence in the rabbit heart increase with
age from 2 to 30 days after birth (Friedman, Pool,
Jacobowitz, Seagren & Braunwald, 1968; Toda, Fu
& Osumi, 1976), suggesting that adrenergic innerva-
tion develops during an early postnatal period. The
ability to accumulate [*H]-noradrenaline in different
tissues of the developing rat, including the heart,
spleen, salivary gland and intestine, develops parallel
to endogenous noradrenaline (Iversen, DeChamplain,
Glowinski & Axelrod, 1967). Shibata, Hattori & Sak-
urai (1971) have demonstrated that cocaine-induced
potentiation in the response to noradrenaline is not
different in aortae isolated from young (35 to 42 days
old) and old rabbits (10 months). The possibility that
reuptake of noradrenaline by adrenergic nerve ter-
minals is greater in immature rabbit aortae may thus
be excluded. It seems likely that an a-adrenoceptor
mechanism is immature in aortae from neonatal rab-
bits and develops during the first 30 postnatal days.
A similar conclusion has been drawn for rat portal
veins (Ljung & Stage, 1975) and chick mesenteric
arteries (Knight & McGregor, 1974).

In immature rabbit aortae (2 to 30 days), norad-
renaline in concentrations higher than 2 x 107°m
produced a dose-related relaxation, which was greater
in aortae isolated from neonatal rabbits (Figure 4).
This relaxation was partially antagonized by treat-
ment with propranolol, thus being at least in part
due to f-receptor activation. However, in the present
study the relaxation induced by isoprenaline was not
inversely related to age in immature rabbits. The ten-
sion developed by noradrenaline is considered to be
a balance between the contraction and relaxation in-
duced by stimulation of a- and B-receptors, respect-
ively. These findings lead us to conclude that a greater
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Figure 7 Dose-relaxation curves (a) of isoprenaline and (b) of adenosine in aortae isolated from rabbits
of different ages. Preparations were contracted with prostaglandin F,, (10-® to 3 x 10-° m). Relaxations
induced by 10-4 m papaverine were taken as 100%; mean absolute values in preparations with isoprenaline
on aortae from rabbits aged 2, 5, 12, 30, 90, 180 and 360 days were 544 + 34 mg (n = 8), 601 + 57
mg (n =7), 365 + 43 mg (n = 10), 824 + 56 mg (n = 7), 1497 + 190 mg (n - 15), 1710 + 233
mg (» = 11) and 1122 + 153 mg (n = 9), respectively, and those in preparations with adenosine were
490 + 52 mg (n = 9), 509 + 50 mg (n = 8), 390 + 85 mg (n = 8), 933 + 66 mg (n = 6), 1345 + 160
mg (n = 13), 1442 + 184 mg (n = 13) and 964 + 143 mg (n = 7), respectively.

relaxation seen in neonatal rabbit aortac when high
concentrations of noradrenaline are added may not
be due to a greater response to an activation of
B-receptors but to a lesser degree of contraction by
a-receptor activation, because of an immature
a-adrenergic mechanism. Greater relaxations are
always obtained in partially contracted arteries than
in arteries contracted to a maximum level or to a
level close to the maximum (unpublished data).
Isoprenaline-induced relaxations of aortae were
greater in 30 day old rabbits; age-related increase in
relaxations was observed in aortae from 2 to 30 day
old rabbits and the opposite was true in aortae from
30 to 360 day rabbits. Similar age-related alterations
were also seen in the response to adenosine; thus age-
dependent alterations in the action of isoprenaline are
not due to changes in the activity of B-receptors. In
rat (41 to 255 days after birth) and rabbit (50 to 1835
days) aortae, the response to isoprenaline, but not

to NaNO,, is inversely related to age, therefore, an
age-dependent decrease in the aortic B-receptor ac-
tivity has been postulated (Fleisch et al, 1970). In
contrast, Park et al. (1976) have suggested that a
B-adrenoceptor function in the aortae and pulmonary
artery of new-born rabbits matures with age because
of an age-dependent (1 day to 5 months) increase in
the response to isoprenaline. Whether the discrepancy
between our findings and those obtained by other in-
vestigators is due to differences in the experimental
conditions, such as resting tensions (different or same
in rabbits of different ages), contractile agents (prosta-
glandins, histamine, 5-HT, etc.) and the extent of con-
traction before the addition of relaxant drugs,
remains to be ascertained. ’

This study was supported in part by Scientiﬁc Research
Fund (No. 137013) from the Ministry of Education, Science
and Culture of Japan.



AGE-RELATED CHANGES IN AORTIC RESPONSES 237

References

COHEN, M.L. & BERKOWITZ, B.A. (1976). Vascular contrac-
tion: effect of age and extracellular calcium. Blood Ves-
sels, 13, 139-154.

COX, R.H,, JONES, A.W. & SWAIN, M.L. (1976). Mechanics
and electrolyte composition of arterial smooth muscle
in developing dogs. Am. J. Physiol., 231, 77-83.

ERICSSON, E. & LUNDHOLM, L. (1975). Adrenergic
B-receptor activity and cyclic AMP metabolism in vas-
cular smooth muscle: variations with age. Mech. Age.
Develop., 4, 1-6.

FLEISCH, J.H. (1971). Further studies on the effect of aging
on f-adrenoceptor activity of rat aorta. Br. J. Pharmac.,
42, 311-313.

FLEISCH, J.H. & HOOKER, CS. (1976). The relationship
between age and relaxation of vascular smooth muscle
in the rabbit and rat. Circulation Res., 38, 243-249.

FLEISCH, J.H., MALING, H.M. & BRODIE, B.B. (1970). Beta-
receptor activity in aorta: variations with age and
species. Circulation Res., 26, 151-162.

FRIEDMAN, W.F,, POOL, P.E, JACOBOWITZ, D, SEAGREN,
S.C. & BRAUNWALD, E. (1968). Sympathetic innervation
of the developing rabbit heart: biochemical and histo-
chemical comparisons of fetal, neonatal, and adult
myocardium. Circulation Res., 23, 25-32.

IVERSEN, L.L, DECHAMPLAIN, J, GLOWINSKI, J. & AXEL-
ROD, J. (1967). Uptake, storage and metabolism of nor-

epinephrine in tissues of the developing rat. J. Pharmac.
exp. Ther., 157, 509-516.

KNIGHT, A. & McGREGOR, D.D. (1974). Development of
vascular reactivity in chickens: responses of mesenteric
and hind limb blood vessels to norepinephrine and ace-
tylcholine. Blood Vessels, 11, 212-228.

LJUNG, B. & STAGE, D. (1975). Postnatal ontogenetic devel-
opment of neurogenic and myogenic control in the rat
portal vein. Acta physiol. scand., 94, 112-127.

PARK, MK, DIEHL, AM. & SUNDERSON, JM. (1976).
Maturation of beta-adrenergic receptor activity of rab-
bit aorta and pulmonary artery. Life Sci., 19, 321-328.

SHIBATA, S., HATTORI, K. & SAKURAL L (1971). Adrener-
gic innervation and cocaine-induced potentiation of
adrenergic responses of aortic strips from young and
old rabbits. J. Pharmac. exp. Ther., 177, 621-632.

TODA, N, FU, LH. & OSUMLI, Y. (1976). Age-dependence
of the chronotropic response to noradrenaline, acetyl-
choline and transmural stimulation in isolated rabbit
atria. Jap. J. Pharmac., 26, 359-366.

TODA, N, HATANO, Y. & HAYASHI, S. (1978). Modifica-
tions by stretches of the mechanical response of isolated
cerebral and extracerebral arteries to vasoactive agents.
Pfliigers Arch. Eur. J. Physiol., (in press).

(Received January 24, 1978.)



