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1 We have studied the a1-adrenoceptor-mediated responses in intact tail artery rings from 3 ± 4 and 20 ±
22 months old Sprague-Dawley rats, focusing on possible endothelial alterations. The in¯uence of nitric
oxide released by the endothelium, the number of a1-adrenoceptors and the functional receptor reserve
were evaluated to determine their contribution to the contractile response mediated by this receptor. The
state of the endothelial layer was assessed by confocal microscopy.

2 Noradrenaline (1 nM± 100 mM) induced concentration-dependent vasoconstriction. The maximum
contractions to noradrenaline (P50.05) and to 75 mM KCl (P50.01) were higher in young than in old
animals.

3 The density (Bmax) of a1-adrenoceptors and the dissociation constant (KD) obtained in [3H]-prazosin
binding experiments were unchanged by age.

4 The apparent a�nity (pKA) and the percentage of functional receptors (qx100) remaining after
phenoxybenzamine (0.03 mM) were similar in both age groups.

5 After partial a1-adrenoceptor inactivation with phenoxybenzamine, NG-nitro-L-arginine methylester
(30 mM) signi®cantly potentiated the E/[A] curve to noradrenaline in young rats. However, only
responses to 0.1 to 1 mM noradrenaline were signi®cantly potentiated in old animals. In addition, 94% of
the vessels from young, but only 52% from old rats were relaxed by 80 ± 100% of the noradrenaline
(0.03 mM) contraction, with 1 mM acetylcholine.

6 No modi®cations in the area (mm2) or in the number of endothelial nuclei (per mm2) were observed
between age groups. An elongation of the nuclei of endothelial cells was observed in the old animals.

7 These data suggest that the noradrenaline-induced contraction is decreased in old rats probably due
to di�erences in either the contractile machinery or postreceptor mechanisms. These alterations may be
accompanied by an impairment of the release or production of NO from endothelial cells.
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Introduction

Ageing is associated with marked changes in the cardiovas-
cular system, especially in the structure and function of arteries
(Docherty, 1990; Wadsworth, 1990; MarõÂ n, 1995). Responses
to a1-adrenoceptor agonists in blood vessels have been shown
to increase (Cox et al., 1976; Olah & Rahwan, 1987), decrease
(Fouda & Atkinson, 1986; Johnson & Wray, 1990; Gurdal et
al., 1995b) or remain the same (Stevens et al., 1982; Scott &
Reid, 1992; HuÈ sken et al., 1993; McDonald et al., 1995; Ta-
bernero & Vila, 1995) with ageing. The variations observed in
vascular a1-adrenoceptor-mediated responses from old animals
have been ascribed to di�erent factors. Among them, changes
in the number of receptors, in the receptor reserve or in the
uptake mechanisms have been described (Docherty, 1990).
Furthermore, some (Shimizu & Toda, 1986; LuÈ sher et al.,
1992) but not all (Hynes & Duckles, 1987) studies have ob-
served that endothelial-mediated relaxations are impaired in
several vascular beds from aged animals, probably due to a
defect in the release and/or production of relaxing factors,
mainly nitric oxide (NO) (Hadju et al., 1993; Atkinson et al.,
1994; Paterno et al., 1994). Modi®cations in the shape, size and
axial orientation of endothelial cells (Yin, 1980; Epstein, 1992)
also seem to appear with ageing.

In previous studies, we have shown that removal of the
endothelium (Tabernero & Vila, 1995) and NG-nitro-L-argi-
nine methylester (L-NAME) (Tabernero et al., 1996a) do not
a�ect a1-adrenoceptor-mediated responses in tail artery rings
from 3 ± 4 month old rats, probably due to a high functional
a1-adrenoceptor reserve (Tabernero et al., 1996a). However, in
tail artery from old rats, the absence of endothelium reduced

the noradrenaline-induced contraction, suggesting a di�erent
role of endothelium in young and old animals (Tabernero &
Vila, 1995). The aim of this study was to examine further the
e�ect of ageing on a1-adrenoceptor-mediated responses in tail
artery rings, focusing on possible endothelial alterations. The
role of NO released by the endothelium, the number of a1-
adrenoceptors and the functional reserve have been evaluated
to determine their contribution to the contractile response
mediated by this receptor. The state of the endothelial layer
was also assessed by laser scanner confocal microscopy
(LSCM).

Methods

The experiments were performed on 3 ± 4 month (408+16 g,
n=51) and 20 ± 22 month (821+26 g, n=63) old male Spra-
gue-Dawley rats. Nine young and nine old rats, that had not
been used for in vitro studies, were anaesthetized with sodium
pentobarbitone (60 mg kg71, i.p.) and the systolic and dia-
stolic arterial pressures were measured by means of a Statham
transducer connected to a cannula placed in the right carotid
artery. Pulse arterial pressure was taken as the di�erence be-
tween systolic and diastolic pressure. Heart rate was derived
from the arterial pulse. Blood pressure and heart rate values
used for comparison between age groups were obtained after a
15 min stabilization period.

Functional studies

The animals were decapitated and the tail artery was quickly
removed, cleaned of adherent tissue and placed in physiolo-
gical salt solution (PSS) of the following composition (in mM):1Author for correspondence.
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NaCl 112.0, KCl 4.7, CaCl2 2.5, KH2PO4 1.1, MgSO4 1.2,
NaHCO3 25.0 and glucose 11.1. Desipramine (0.1 mM), nor-
metanephrine (1 mM), Na2 EDTA (23 mM), propranolol (1 mM)
and yohimbine (0.1 mM) were present throughout the experi-
ment to block neuronal and extraneuronal uptake, to prevent
noradrenaline oxidative degradation and stimulation of b-
(Minneman et al., 1983; SalleÂ s et al., 1994) and a2-adreno-
ceptors (Bao et al., 1993), respectively.

Rings of proximal tail artery (2 ± 3 mm) were set up in a
5 ml organ bath containing PSS maintained at 37+0.58C and
continuously gassed with 95% O2, 5% CO2. A resting tension
of 7.35 mN was placed and changes in tension recorded with a
PIODEN (UF-1) isometric transducer attached to an Omnis-
cribe pen recorder. The preparations were allowed to equili-
brate for 30 min and tension was readjusted if necessary. The
tissues were contracted 4 times with KCl 75 mM every 5 min
until the amplitudes of the contractile responses were similar in
magnitude. After a 30 min equilibration period, each ring was
contracted with noradrenaline (0.03 mM) and relaxed with
acetylcholine (ACh, 1 ± 30 mM) to verify the functionality of the
endothelium. Only preparations that relaxed by 80% or more
were used. Rings were washed with PSS and after a further
30 min equilibration, a cumulative agonist concentration-e�ect
(E/[A]) curve to noradrenaline (1 nM± 100 mM) was construc-
ted. The bath was then washed repeatedly with PSS until
preparations reached their initial tension. Afterwards, tissues
were exposed for 10 min to the alkylating agent, phenoxy-
benzamine (0.03 mM; Tabernero et al., 1996a) to allow partial
a1-adrenoceptor inactivation. The rings were then washed
successively every 5 min for 30 min, and a second E/[A] con-
centration-response curve was repeated. Control experiments
were run in parallel to check the reproducibility over time
between the two curves performed under the above mentioned
conditions.

The e�ect of L-NAME was studied on contractions elicited
by noradrenaline alone and after partial alkylation of a1-
adrenoceptors with 0.03 mM phenoxybenzamine. The protocol
of partial inactivation was similar to the one described above
but the incubation was done before the ®rst E/[A] curve. Once
the agonist was washed out, L-NAME (30 mM) was incubated
for 30 min before a second E/[A] curve with noradrenaline was
run. Control experiments were carried out in parallel under the
aforementioned conditions. In some experiments, the e�ect of
indomethacin (100 mM), without pretreatment with phenoxy-
benzamine, on E/[A] curves to noradrenaline was studied by
use of the same protocol as described for L-NAME.

A series of preliminary experiments were performed to de-
termine to which extent the blockers included in the PSS (yo-
himbine, propranolol, desipramine and normetanephrine)
in¯uenced the noradrenaline-induced vasoconstriction in both
groups of rats. The procedure followed was similar to the one
described above in the absence of phenoxybenzamine. Once
the presence of endothelium was proved, two concentrations
E/[A] curves to noradrenaline in the absence and in the pre-
sence of these blockers were carried out in young and old
animals. The presence of the antagonists at the concentrations
used shifted to the left the E/[A] curve to noradrenaline to a
similar extent in young (1.99+0.11 times, n=6) as in old
(1.58+0.29 times, n=7) animals. These results allowed us to
use the same concentration in both age groups.

Structural analysis

Morphology was studied in intact tail artery segments from
young and old rats. The arteries were ®xed with formalin (10%
saline solution). To determine the general structure of the wall
the vessels were stained for connective tissue and elastin with
Van Gieson (1889) and Miller (1971) methods, respectively,
and visualized with a bright ®eld microscope. To study endo-
thelial layer in more detail a LSCM was used. The vessels were
longitudinally cut to expose the endothelial layer and incuba-
ted for 30 min at 48C with the nuclear dye propidium iodide
(10 mM) and washed overnight in distilled water. The segments

were placed on a microscope slide with the endothelial layer
exposed and visualized by LSCM (Odyssey, Noran Instru-
ments, Middleton, Wisconsin, U.S.A; argon ion 529 nm line
with 550 nm LP barrier ®lter) with a 640 oil immersion ob-
jective (NA 1.3, Nikon, Kingston on Thames, Surrey, U.K.).
Metamorph software was used to acquire 10 images of the
endothelial layer along each segment. The area (mm2), the
number of nuclei per mm2 and the shape factor of the nuclei
(value from 0 to 1 representing how closely the object resem-
bles a circle) of endothelial cells were determined.

[3H]-prazosin binding assay

Saturation binding studies were performed by incubation of
rat tail artery rings (1.5 ± 2 mg wet weight) under conditions
similar to those previously described (Tabernero et al., 1996b).
Six rats were used in each individual experiment to obtain
su�cient material. The arteries were cut into rings (4 mm) and
pooled. One ring of tail artery per tube was incubated for
60 min with increasing concentrations of [3H]-prazosin (0.05 ±
8 nM) in a ®nal volume of 0.25 ml bu�er, pH 7.4 (composition
in mM: HEPES 8.3, NaCl 130, KCl 5.6, CaCl2 2, MgCl2 0.24
and glucose 11) maintained at 37+0.58C and gassed with a
mixture of 95% O2, 5% CO2. At the end of the incubation
period each ring was washed in bu�er solution (5 s), dried on
®lter paper, weighed and dissolved in 0.1 ml of a mixture of
perchloric acid:H2O2 (1 : 1). Radioactivity of the tissue was
determined by liquid scintillation spectrometry with a counting
e�ciency of 60%. Speci®c receptor binding of [3H]-prazosin
was de®ned as the binding inhibited by the presence of 100 mM
phentolamine.

Data analysis

Pragmatic logistic curve ®tting Each individual set of E/[A]
curve data was ®tted to a logistic function of the form:

in which E and [A] are the pharmacological e�ect and the
concentration of agonist, respectively; a, EC50 and m are the
asymptote, location and slope parameters, respectively. Loca-
tion parameters were actually estimated as pEC50 (i.e. the ne-
gative logarithm of the concentration required to cause 50% of
the maximal response).

Nested hyperbolic null method Data obtained from receptor
inactivation experiments were analysed by the nested hyper-
bolic null method (James et al., 1989). This method involves
®tting the control E/[A] curve data to equation 1 whilst si-
multaneously ®tting the post-inactivation E/[A] curve data to
the following equation:

where q represents the fractional receptor concentration which
remains following inactivation.

Statistics

Experimental points and results from pragmatic logistic curve
®tting are expressed as mean+s.e.mean. The number of ani-
mals for contractile and LSCM studies and the number of
experiments performed in triplicate in binding assays (n) are
indicated in the legends of the ®gures and tables. Contractile
responses are expressed as a percentage of the maximum (a) of
the ®rst curve. To obtain the E/[A] curves, experimental data
were directly ®tted to the mathematical models described
above with the `AR' programme (derivative-free, non-linear
regression analysis) within the BMDP statistical software
package (Dixon, 1990), implemented on a Vax 6610 computer.
It was assumed that estimates of KA and EC50 were log-nor-

a1-Adrenoceptor responsiveness and ageing1018 E. Vila et al



mally distributed; therefore, each of these is expressed as a
logarithmic value. The statistical signi®cance for the estimated
parameters (pEC50, a, pKA, q, m) and the di�erences between
blood pressure measurements were assessed by the two-tailed
Student's t test for paired or unpaired observations, respec-
tively. Two-way analysis of variance for repeated measures
followed by an orthogonal contrast test was applied to analyse
the E/[A] curves. This statistical analysis was carried out with
the SAS statistical package (Littell et al., 1991) by use of a
general linear model (PROC GLM) which allows for the oc-
currence of unbalanced designs. A probability level of 0.05 or
less was considered signi®cant.

Ligand binding data were analysed with computerized
curve-®tting programmes as described by McPherson
(McPherson, 1983). The dissociation constant (KD) and the
total number of binding sites (Bmax) were estimated by non-
linear regression of saturation curves.

Drugs and isotopes

Acetylcholine HCl, desipramine HCl, indomethacin, (7)-
noradrenaline bitartrate, normetanephrine HCl, NG-nitro-L-
arginine methylester, (+)-propranolol HCl, yohimbine HCl
and propidium iodide were purchased from Sigma Chemical
Co; [3H]-prazosin from Amersham International; phentola-
mine mesylate and phenoxybenzamine HCl from Research
Biochemical Incorporated (RBI). All drugs were prepared in
physiological salt solution except noradrenaline, which was
prepared in 23 mM Na2 EDTA. Stock phenoxybenzamine so-
lution (1 mM) was dissolved in 2 mM tartaric acid and kept at
7208C. Further dilutions of phenoxybenzamine were pre-
pared in physiological salt solution. All other chemicals used
were of analytical grade.

Results

Systolic (young: 136.9+2.9 mmHg; old: 150.8+9.7 mmHg;
n=9) and diastolic (young: 114.5+2.4 mmHg; old:
115.0+9.6 mmHg; n=9) arterial blood pressure did not change
but pulse pressure (young: 22.5+1.6 mmHg; old:
35.8+3.1 mmHg;n=9) increased (P50.01)withage.Heart rate
was smaller (P50.001) in old (341.8+8.3 beats min71, n=9)
compared to young (421.0+8.9 beats min71, n=9) animals.

Functional studies

The experiments were performed only in vessels with func-
tional endothelium. Among them the ability of ACh to relax
the noradrenaline-induced contraction showed that most
(94%) of the vessels from young rats relaxed by 80 ± 100%
with 1 mM ACh. However, only half of the rings (52%) from
old animals relaxed by 80 ± 100% with the same concentration
of ACh. In aged animals, concentrations of 3 mM and 10 mM
ACh were needed to attain the same relaxation in 37% and
11% of the vessels, respectively.

Noradrenaline contracted the tail artery rings in a concen-
tration-dependent manner. The results are presented in Figure
1 and Table 1. Maximum responses to noradrenaline (a) and
KCl were signi®cantly higher (P50.001) in young than in old
animals. However, neither the sensitivity (pEC50) nor the slope
(m) of the noradrenaline E/[A] curve were a�ected by ageing.

The e�ect of irreversible antagonism by phenoxybenzamine
on the noradrenaline E/[A] curve was examined in rings from
young and old animals. The averaged data are also illustrated
in Figure 1 (c, d) and Table 1. The presence of the alkylating
agent shifted to the right (P50.001) the E/[A] curve to the
agonist in both age groups. Furthermore, the maximum re-
sponses to noradrenaline were depressed by 41.73+3.91%
(n=11) in young and by 32.25+3.13% (n=14) in old animals
(Figure 1, c, d). Quantitative evaluation of the phenoxyben-
zamine e�ect was carried out by use of the nested hyperbolic
method. Each pair of E/[A] curves in the absence and presence

of phenoxybenzamine depicted in Figure 1 were analysed si-
multaneously to obtain the respective pKA and q values. Nei-
ther the estimated pKA values for noradrenaline (young:
5.10+0.05, n=11; old: 5.16+0.08, n=14) nor the theoretical
percentage of functional receptors remaining after phenoxy-
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Figure 1 E�ect of preincubation with 0.6 mM tartaric acid (*,
vehicle, a, b) and 0.03 mM phenoxybenzamine (*, c, d) on the
contraction induced by noradrenaline (NA) in tail artery rings from
(a and c) young and (b and d) old Sprague-Dawley rats. (*) Control
responses to NA. Results are expressed as percentage of the
maximum response obtained in the ®rst curve. The lines drawn
through the data were obtained by pragmatic logistic curve ®tting
(see Methods). Results are the mean of 11 (young rats) and 14 (old
rats) experiments; vertical lines show s.e.mean. *P50.05, **P50.01.

Table 1 Parameter estimates for noradrenaline obtained by
pragmatic logistic fitting of agonist E/[A] curves performed
in intact tail artery rings from young and old rats

pEC50 a (mN) m

3 ± 4 months
Noradrenaline
Noradrenaline+Pbz
KCl 75 mM

6.91+0.09
5.93+0.09a

7

16.52+0.52b

9.55+0.44a

11.95+0.60b

0.60+0.06
0.88+0.13

7

20 ± 22 months
Noradrenaline
Noradrenaline+Pbz
KCl 75 mM

6.89+0.12
6.08+0.10a

7

12.33+0.55
8.43+0.42a

8.68+0.26

0.63+0.09
0.80+0.12

7

aP50.001 compared to noradrenaline (paired t test).
bP50.001 compared to old rats (unpaired t test); n=11
for young and n=14 for old rats. Pbz, phenoxybenzamine;
pEC50, the concentration required to cause 50% of the
maximum response; a, the maximum response and m, the
slope of the concentration-response curve.
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benzamine inactivation (q6100) were a�ected by age (young:
4.50+1.43, n=11; old: 7.69+1.58, n=14). No di�erence be-
tween E/[A] curves to noradrenaline were observed in the
presence of the vehicle (0.6 mM tartaric acid) used to dissolve
phenoxybenzamine either in young or old animals (Figure 1, a,
b).

L-NAME did not induce a contractile response in tail artery
rings from either age group. The evaluation of the e�ect of L-
NAME (30 mM) on noradrenaline-induced responses, showed
no di�erence in the potency (pEC50) in either young (control:
6.84+0.05; L-NAME: 6.64+0.10, n=6) or old (control:
6.66+0.14; L-NAME: 6.65+0.19, n=6) rats. The maximum
e�ect induced by noradrenaline was unchanged by the NO-
synthase inhibitor in both age groups (results not shown).
Since we have previously observed that in tail artery rings from
3 month old rats (Tabernero et al., 1996a), the e�ect of L-
NAME on contractile responses to a full agonist should be
studied when the population of receptors has been substan-
tially decreased, these experiments were repeated in the pre-
sence of phenoxybenzamine. After partial alkylation of a1-
adrenoceptors, L-NAME (30 mM) signi®cantly potentiated the
E/[A] curve for noradrenaline in young (Figure 2a) animals. In
contrast, in old animals the e�ect of the NO-synthase inhibitor
was observed on some but not all of the concentrations of
noradrenaline used (Figure 2b). When the same experiment
was run in parallel with PSS instead of L-NAME no di�erence
was observed between the ®rst and the second curve for nor-
adrenaline, in the presence of phenoxybenzamine.

The addition of indomethacin (100 mM) to the incubation
medium of rings from young animals induced a slight but not
signi®cant shift to the right of the E/[A] curve for noradrena-
line (control: 6.91+0.09, n=11; indomethacin: 6.70+0.04,
n=6). Old animals also showed a similar midrange sensitivity
in the absence (pEC50: 6.89+0.10, n=14) or presence (pEC50:
6.90+0.06, n=6) of indomethacin. The maximum contraction
to noradrenaline was una�ected by the cyclo-oxygenase inhi-
bitor in both young (control: 16.35+0.80 mM, n=11; indo-
methacin: 15.10+2.80 mM, n=6) and old (control:
12.26+1.03 mM, n=14; indomethacin: 12.50+0.87 mM, n=6)
rats.

Structural analysis

Intact segments of tail artery, other than those used in func-
tional studies but belonging to the same young and old rats,

were analysed to determine the wall structure. There were no
di�erences in the general wall structure between old and young
rats, e.g. wall thickness, number of smooth muscle cell (SMC)
layers and elastic lamina (data not shown). Furthermore, en-
dothelial structure was assessed with LSCM. There was no
di�erence either in the nucleus area (mm2) or the number of
endothelial cells per mm2 between young and old rats (Table
2). The shape factor for endothelial nuclei was smaller
(P50.001) in segments from old rats when compared to young
animals. This indicates that the nuclei of endothelial cells are
elongated by ageing (Table 2 and Figure 3). LSCM also al-
lowed for visualization of the ®rst layer of SMCs underneath
the endothelium. This layer was similar in young and old rats
and the SMC nuclei showed similar shape, area and orienta-
tion (results not shown).

Binding studies

Saturation studies were carried out to determine the KD and
the Bmax values in our experimental conditions. We observed
that [3H]-prazosin labelled a homogeneous population of
binding sites in rings of tail artery from either age group. [3H]-
prazosin binding in intact rings of tail artery from young and
old animals was saturable and of high a�nity. The speci®c
binding represented approximately 50 ± 60% of the total
binding at a concentration of [3H]-prazosin close to its KD.
Non-linear regression analysis of the saturation data was
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Figure 2 E�ect of preincubation with 30 mM L-NAME (*) on the
contraction induced by noradrenaline, in presence of 0.03 mM
phenoxybenzamine in tail artery rings from (a) young and (b) old
Sprague-Dawley rats. (*) Control responses to noradrenaline. Results
are expressed as percentage of the maximum response obtained in the
®rst curve. The lines drawn through the data were obtained by
pragmatic logistic curve ®tting (see Methods). Results are the mean of
6 experiments; vertical lines show s.e.mean. *P50.05, **P50.01.

a b

c d

Figure 3 Images of the endothelial layer from segments of (a and c)
young and (b and d) old tail arteries. The vessels were longitudinally
cut and the endothelial layer was stained with 10 mM of the nuclear
dye propidium iodide. The images were taken from slide-mounted
vessels with a 640 oil immersion objective, zoom 61 (a and b) or
zoom 62 (c and d) with a laser scanning confocal microscope. Lines
with arrows show the longitudinal axis of the vessel. Image
dimensions are shown in each ®gure.

Table 2 Endothelial nuclei area, number and shape factor
in tail artery segments from young and old rats

Young Old

Area (mm2)
Number per mm2

Shape factor

238.6+15.0
762.0+52.8
0.503+0.012**

260.4+16.8
746.0+46.9
0.408+0.012

Data are mean+s.e.mean, n=7 rats. **P50.001 with
respect to old rats.
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consistent with the presence of a single population of sites. The
derived KD (young: 3.26+0.77 nM, n=7; old: 3.23+0.78 nM,
n=9) and Bmax (young: 16.23+3.08 fmol mg71 tissue, n=7;
old: 15.61+2.70 fmol mg71 tissue, n=9) were not changed by
age.

Discussion

This study was designed to assess the in¯uence of receptor
density, functional receptor reserve and endothelium on a1-
adrenoceptor-mediated vasoconstriction by noradrenaline in
the ageing process.

The Sprague-Dawley rats used in our study did not show
any di�erence of diastolic and systolic blood pressure but an
increase in pulse arterial pressure with age. Con¯icting re-
sults on blood pressure changes on ageing have been pre-
sented in the literature. Thus, an increase in diastolic and
systolic blood pressure in Sprague-Dawley rats (Hashimoto
et al., 1995) and in mean arterial pressure from Wistar
Kyoto and spontaneously hypertensive rats (HuÈ sken et al.,
1993) were found in ageing. In contrast, studies in Ivanos or
Wistar and Fisher rats have also shown that ageing is not
accompanied by an increase in mean (Fouda & Atkinson,
1986) or pulse pressure (Lartaud et al., 1993), respectively. It
is worthy of note that chronic elevations of pulse pressure
may be more important than mean pressure as a determi-
nant of vascular structure (Ryan et al., 1995). In addition,
heart rate was reduced in old anaesthetized rats. Previous
studies have shown a decreased heart rate during maturation
(Lartaud et al., 1993) or no change in the anesthetized aged
rats (Docherty, 1990). This alteration has been attributed to
the attenuation of tachycardic responses to b-adrenoceptor
stimulation (Folkow & Svanborg, 1993).

The present study shows that age produces a decrease in the
maximum response with no alteration in the potency (pEC50)
and a�nity (pKA) of noradrenaline induced vasoconstriction
on intact tail artery rings. b-Adrenoceptor-mediated responses
in the cardiovascular system of man and animals usually seem
to be reduced with age (MarõÂ n, 1995) but no di�erences in
postjunctional a2-adrenoceptor-mediated vasoconstriction
have been observed between tail artery rings from old and
young Wistar rats (Tsai et al., 1993). The rat tail artery is a
richly innervated vessel where neuronal uptake accounts for
more than 90% of the uptake of noradrenaline (Webb et al.,
1981). Nevertheless, there is no consensus on the e�ect of age
on neuronal uptake mechanisms in blood vessels. Data
showing no change (Bucholz & Duckles, 1990) or a decrease
(Docherty & Hyland, 1986; Borton & Docherty, 1989) in the
uptake mechanisms with ageing have been obtained. Our ex-
periments were carried out in the presence of yohimbine,
propranolol, desipramine and normetanephrine to avoid the
e�ect of a2- and b-adrenoceptors and neuronal and extra-
neuronal uptake, respectively. In previous experiments, we
observed that the concentration used of all these blockers af-
fected to the same extent the noradrenaline-induced vasocon-
striction in young and in old animals (see Methods). Thus, in
our experimental conditions, responses to noradrenaline are
due to stimulation of a1-adrenoceptors and should not be af-
fected by possible di�erences in either uptake mechanisms or
a2- and b-adrenoceptors.

There are several factors that could account for the smaller
development of maximum contraction to noradrenaline ob-
served in old animals: (i) alterations in the wall morphology, (ii)
a decrease in a1-adrenoceptor density, (iii) an impairment of the
contractile machinery, (iv) di�erences in endothelial function-
ality and (v) a modi®cation of the post-receptor events.

Changes in vascular structure appear to occur during ageing
(Fornieri et al., 1992; Tracy, 1995; Robert, 1996) and seem to
be paralleled by an increase in pulse pressure (Ryan et al.,
1995). However, analysis of vessel wall structure showed si-
milar thickness and SMC characteristics in young and old rats,
suggesting that the decrease in contractile responses in the tail

artery from aged rats is not due to a morphological alteration
of the tissue.

Binding experiments showed a similar receptor density be-
tween age groups, indicating that a decrease in receptor
number does not account for the alteration of maximum re-
sponse to noradrenaline observed in old animals. In accord
with our results, no di�erence in a1-adrenoceptor density has
been previously observed, between young and old animals, in
the carotid artery from Wistar (Benetos et al., 1993) and in the
aorta from Fisher 344 (Gurdal et al., 1995a) rats.

Arteries from old animals tend to show a reduced maximum
contraction to several agonists including catecholamines and
KCl, suggesting that basic excitation-contraction links and/or
the contractile machinery per se have become modestly altered
with age (Folkow & Svanborg, 1993). Furthermore, the va-
soconstriction obtained with KCl was greater in young than in
old rats (P50.01). Potassium-induced vasoconstriction in tail
artery is mediated by smooth muscle depolarization and re-
lease of endogenous noradrenaline (Fouda et al., 1991; Xiao &
Rand, 1991). The fact that KCl-induced responses were im-
paired in aged rats may be related to an alteration in either the
basic contractile machinery or a diminished stimulation of a1-
adrenoceptors by the noradrenaline released by KCl.

To test the role of NO released from the endothelium on the
decrease of maximum contraction observed in old animals, the
e�ect of L-NAME on this response was studied. L-NAME was
without e�ect on noradrenaline vasoconstriction in either age
group. These results agree with previous observations in young
rats (Tabernero et al., 1996a), where we have demonstrated
that in rat tail artery rings, due to the high e�ciency of cou-
pling exhibited, the in¯uence of the NO-synthase inhibitor
could not be seen unless the population of a1-adrenoceptors
was diminished by an alkylating agent. However, other au-
thors (Thorin & Atkinson, 1994), using perfused tail artery
from Wistar rats, observed that removal of endothelium en-
hanced the vasoconstrictor response to 1 mM but not to 3 mM
noradrenaline. We do not have a clear explanation for the
di�erence between this and our studies other than variations in
the rat strain and the experimental model. The lack of e�ect of
L-NAME observed in old animals can also be attributed to a
high functional reserve since the percentage of receptors re-
maining after partial alkylation (q6100) and the a�nity (pKA)
were similar in old and young rats, giving an overlap of the
occupancy-response curves (results not presented). As expected
from our previous observations, in the presence of phenoxy-
benzamine, L-NAME signi®cantly potentiated the noradrena-
line-induced vasoconstriction in rings from young rats
(Tabernero et al., 1996a). Nevertheless, the in¯uence of the
NO-synthase inhibitor was only observed on the lower part of
the E/[A] curve to noradrenaline in old animals indicating a
decreased e�ect of NO on the a1-adrenoceptor-mediated re-
sponses. Moreover, when we checked the ability of ACh to
relax rings precontracted with noradrenaline (0.03 mM), only
52% of the vessels from old but 94% from young rats relaxed
by more than 80% to 1 mM ACh. The present study supports
the hypothesis of an impairment of endothelial function in
blood vessels during ageing reported by several authors
(MarõÂ n, 1995; Gerhard et al., 1996). Some studies have shown
that the increase in pulse pressure is related to an impairment
of synthesis or release of endothelium-derived relaxing factor
(Hutcheson & Gri�th, 1991; Ryan et al., 1995) and also to
structural changes in the vasculature (Baumbach & Heidstad,
1993; Robert, 1996). Thus, we could speculate that the al-
teration of the endothelial function in tail artery from aged rats
could be due to an elevation of pulse pressure that is accom-
panied by a physical abnormality. Our results with LSCM
showed more elongated nuclei in the endothelium of old rats.
This is in agreement with previous ®ndings in aorta from 25
months old Wistar rats where elongation and thinning of en-
dothelial cells have been described (Fornieri et al., 1992).
Nevertheless, if di�erences in NO a�ect the maximum con-
traction to noradrenaline, an impairment would be manifested
as an increased a1-adrenoceptor-mediated response rather than
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the observed decrease. To exclude the possibility that an al-
teration of cyclo-oxygenase-dependent contracting factors re-
leased by endothelial cells, could account for the smaller
noradrenaline response in old rats, E/[A] curves for noradre-
naline were carried out in the presence of indomethacin, a
cyclo-oxygenase inhibitor. This compound was without e�ect
on E/[A] curves to the agonist in either young or old rats,
excluding the possibility that a di�erence in the release of an
endothelium contractile factor could counteract the vasodila-
tation due to NO. Again, these results agree with those ob-
served previously (Ryan et al., 1995) where an increase in pulse
pressure did not modify the e�ect of indomethacin on acetyl-
choline-induced relaxations.

Di�erences in transductional mechanisms could also ex-
plain an impairment of maximum response to agonists. The a1-
adrenoceptor-mediated contraction depends on both intra-
and extracellular calcium but the participation of each me-
chanism varies depending on the agonist used. We have de-
monstrated, in tail artery rings from 3 month old Sprague-
Dawley rats, that noradrenaline-induced vasoconstriction uti-
lizes predominantly, but not exclusively, intracellular calcium
via inositol phosphate turnover (Tabernero et al., 1996b).
Important alterations in the function of G proteins have been

suggested to occur in hypertension and ageing (Feldman et al.,
1995; Johnson et al., 1995). Nevertheless, in previous experi-
ments ageing did not change the phosphatidylinositol hydro-
lysis to noradrenaline in tail artery and aorta (Tabernero &
Vila, 1995). These results would suggest that the G protein
linked to this mechanism is not altered by age. However, we
cannot exclude the possibility that the ageing process could
modify either the G protein linked to the entry of extracellular
calcium or later steps on the post-transductional pathway
implicated in the ®nal vasoconstriction.

In summary, the present study shows that the noradrena-
line-induced contraction is decreased in older rats probably
due to di�erences in either the contractile machinery or post-
receptor mechanisms. These alterations may be accompanied
by an impairment of the release or production of NO from
endothelial cells.
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like to thank Carme Alemany and Cristina Rubio for their technical
assistance and Dr Ian Montgomery for the morphological studies.
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