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Abstract 

Previous studies from this laboratory have shown that aortic al-adrenoceptor-mediated responsiveness is altered during 
maturation and aging. This study examines the possibility that there is a change in the al-adrenoceptor subtypes in the aorta 
during maturation and aging. The apparent affinity of norepinephrine, as determined by partial receptor inactivation with the 
al-adrenoceptor antagonist phenoxybenzamine, was found to be higher in 1-month-old rats compared to 6- and 24-month-old 
rats. The am-adrenoceptor subtype-selective antagonist chiorethylclonidine was used to examine possible heterogeneity in aortic 
al-adrenoceptors. The inhibitory effect of chlorethylclonidine on norepinephrine-stimulated contraction was greater in young 
animals compared to aged animals. Chlorethylclonidine blocked norepinephrine-stimulated inositol phosphate accumulation in 
1-month-old aorta but it produced only partial inhibition in the 6- and 24-month-old aortas. The relatively non-selective 
al-adrenoceptor antagonists phenoxybenzamine (0.1/.~M) and prazosin (0.1 /~M) inhibited inositol phosphate accumulation and 
contractile responses in all ages. The complete block of a~-adrenoceptor-mediated responses by chlorethylclonidine in younger 
animals shows that al-adrenoceptor-mediated responses are mediated by the chlorethylclonidine-sensitive al-adrenoceptor 
subtypes. The partial inhibition by chlorethylclonidine of a~-adrenoceptor-mediated responses in 6- and 24-month-old animals 
indicates an increased role of an al-adrenoceptor subtype that is relatively insensitive to chlorethylclonidine. 
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1. Introduct ion 

Clinical and experimental evidence indicates a vari- 
ety of alterations in cardiovascular function during 
maturation and aging (Docherty, 1990). Vascular re- 
sponsiveness to several agonists, including noradrena- 
line, serotonin and angiotensin is reported to change 
during maturation or aging (Wanstall and O'Donnell,  
1988, 1989; Docherty, 1988, 1990; Wakabayashi et al., 
1990). Responses to otl-adrenergic agonists have been 
reported to increase, decrease or not change with age 
(Carrier et al., 1979; Hynes and Duckies, 1987; Wanstall 
and O'Donnell,  1989; Docherty, 1990; Johnson and 
Wray, 1990). The discrepancies are probably at- 
tributable at least in part to differences in experimen- 
tal design including the use of different animal models 
and different blood vessels. Previous studies from this 
laboratory showed a decreased potency of norepineph- 
rine at eliciting a contractile response and an increased 
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potency of norepinephrine at stimulating inositoi phos- 
phate accumulation in the rat aorta during maturation 
and aging (Gurdal et al., 1995). 

Vascular a l-adrenoceptors  are not a homogenous 
population. Three  subtypes have been cloned: O~IB , O~IC 
and aiD (Cotecchia et al., 1988; Schwinn et al., 1990; 
Lomasney et al., 1991; Perez et al., 1991), and Ot|B , alC 
and a lo-adrenoceptor  mRNAs have been detected in 
rat aorta (Ping and Faber, 1993; Piascik et al., 1994). 
Pharmacological studies indicate that there is a fourth 
subtype which has been designated the alA-adrenocep- 
tot  (Minneman, 1988), and it too is present in rat aorta 
(Han et al., 1990; Piascik et al., 1994). 

atA-Adrenoceptors stimulate Ca 2+ influx through 
voltage-dependent Ca 2+ channels and alA-adrenocep- 
tor-mediated stimulation of contraction and inositol 
phosphate accumulation are sensitive to Ca 2+ channel 
blockers while am-adrenoceptors  increase intracellular 
Ca 2+ through direct activation of phospholipase C and 
are less sensitive to Ca 2+ channel blockers (Hanft  and 
Gross, 1989; Han et al., 1987a, 1990; Wilson and Min- 
neman, 1990). Previous results from this laboratory 
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showed an increased inhibitory effect of the Ca 2÷ 
channel blocker nifedipine on al-adrenoceptor respon- 
siveness during maturation and aging (Gurdal et al., 
1995). 

Differential sensitivity of al-adrenoceptor responses 
to the alkylating agent chlorethylclonidine has been 
used to distinguish the receptor subtypes, am-Adreno- 
ceptor-mediated responses are sensitive to chlorethyl- 
clonidine, while alA-adrenoceptor-mediated responses 
are resistant (Minneman, 1988; Han et al., 1987b, 1990; 
Hanft and Gross, 1989). The alc- and alD-adrenocep- 
tors are intermediate in sensitivity to chlorethylcloni- 
dine (Schwinn et al., 1991; Minneman and Esbenshade, 
1994). These studies examine the effect of chlorethyl- 
clonidine on norepinephrine-mediated contractile re- 
sponses, and on norepinephrine-stimulated accumula- 
tion of inositol phosphates in the rat aorta during 
maturation and aging. 

2. Materials and methods 

2.1. Animals 

Male Fischer 344 rats, 1, 6 and 24 months old, were 
obtained from Harlan Sprague Dawley, Indianapolis, 
IN, USA, where they are bred and maintained under 
the auspices of the National Institute on Aging. Upon 
receipt at this institution animals were maintained for 
1-2 weeks under barrier conditions comparable to 
those under which they were raised. 

2.2. Contraction 

Rats were decapitated and the aorta was removed 
and placed in an ice-cold physiological salt solution 
(PSS) of the following composition (mM): NaC1, 120; 
KC1, 4.7; MgCI2, 1.2; NaHzPO4, 1.0; NaCO 3, 25; 
CaCI2, 1.8; glucose, 11; EDTA, 0.024. Vessels were 
cleaned of fat and connective tissue and cut into rings 
3 mm wide. Aortic ring segments were mounted at 
37°C in 15 ml organ baths using stainless steel hooks 
connected by fine gold chain at the bottom to a station- 
ary glass rod attached to the bath and at the top to a 
Grass model FT.03 force-displacement transducer and 
bubbled continuously with 95% 02/5% CO 2. Re- 
sponses were recorded on a Grass model 7 polygraph. 
Rings were equilibrated for 1 h at an optimal resting 
tension of 1 g in 1-month-old aorta and 1.5 g in 6- and 
24-month-old aorta. Concentration-response curves 
were determined by cumulatively increasing the con- 
centration of agonist. Rings were then washed exten- 
sively by several changes of PSS over 1-2 h until 
tension stabilized at the precontraction level. In some 
experiments, concentration-response curves were de- 
termined before and after treatment of rings for 30 

min with chlorethylclonidine (1-100 IzM) or phenoxy- 
benzamine (1-100 nM). After phenoxybenzamine or 
chlorethylclonidine treatment, aortic ring segments 
were washed for 60 min, then concentration-response 
curves for norepinephrine were repeated. Preliminary 
experiments have established that desmethylim- 
ipramine (0.1 tzM) and propranolol (1 #M) have no 
effect on norepinephrine-stimulated concentration-re- 
sponse curves at any of the ages. 

2.3. Calculation o f  receptor reserve and apparent affinity 

To delineate the relationship between response and 
receptor occupation, the effects of phenoxybenzamine 
were examined. Cumulative concentration-response 
curves to norepinephrine were obtained before and 
after treatment of the rings for 30 min with phenoxy- 
benzamine (1-100 nM). Data obtained from receptor 
inactivation studies were used to calculate apparent 
affinity and receptor reserve as described by Furchgott 
(1966). According to the law of mass action, the rela- 
tionship between the agonist curves obtained before 
and after partial receptor inactivation is described by 
the equation 

1 1 1 - q  

[A] q[A ' ]  + - -  qKd 

where [A] and [A'] are equieffective concentrations of 
agonist before and after partial irreversible receptor 
inactivation, respectively, K d is the equilibrium dissoci- 
ation constant for the agonist and q represents the 
fraction of active receptors after partial receptor inacti- 
vation. 

2.4. Inositol phosphate accumulation 

The method used for measuring [3H]inositol 
metabolism has been described previously (Kendall 
and Hill, 1990). Aortic rings were prepared as de- 
scribed above and then preincubated in oxygenated 
buffer containing (mM): NaCI, 122; KCI, 4.9; MgCI2, 
1.2; KH2PO4, 1.2; NaCO3, 3.6; CaC12, 1.3; glucose, 11; 
Hepes, 30, (pH 7.4) at 37°C for 1 h. Subsequently, 
artery segments were incubated for 1.5 h in 20 tzCi/ml 
of [3H]myo-inositol (17 Ci/mmol, NEN) under the 
same conditions. Labeled artery segments were washed 
4 times and placed in individual tubes containing buffer 
with 10 mM LiCI (total assay volume, 300 tzl). In 
experiments using chlorethylclonidine and phenoxy- 
benzamine, artery segments were exposed to chloreth- 
ylclonidine (100 tzM) or phenoxybenzamine (0.1 IzM) 
and aortic ring segments were washed for 60 min 
before the addition of agonists. In some experiments 
prazosin 0.1 IzM was added 20 min before the addition 
of agonist. Incubation with agonist was for 60 min and 
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Fig. 1. Norepinephrine-stimulated contraction of aortic ring seg- 
ments from 1- (re,B), 6- (o,o) and 24- (zx,A) month-old rats before 
and after phenoxybenzamine treatment (5 nM, 30 min), respectively. 
Data represent means and standard errors of determinations from 
5-6 animals from each group. Two-way ANOVA (factors of treat- 
ment and concentration of agonist) indicates no significant differ- 
ence in the effect of phenoxybenzamine on the concentration-re- 
sponse curves of the different ages. 

350 ~l of upper aqueous phase was taken for analysis 
of inositol phosphates. Samples were loaded on 
Dowex-l(X8) ion exchange columns (formate form, 
100-200 mesh, 1 ml). The columns were washed ini- 
tially with 16 ml myo- inos i to l  (5 mM).  Then  inosi tol  
p h o s p h a t e s  were  e lu t ed  with 4 ml of  0.1 M formic  
a c i d / 1  M a m m o n i u m  formate .  Radioac t iv i ty  was mea-  
su red  by l iquid sc int i l la t ion spec t romet ry .  

2.5. Data analysis 

C o n c e n t r a t i o n - r e s p o n s e  curve p a r a m e t e r s  were  esti-  
m a t e d  by m e a n s  of  non l inea r  regress ion  of  a th ree-  
p a r a m e t e r  logist ic funct ion  (pD2,  s lope and max imum 
response )  (Kenak in ,  1984). Di f fe rences  be tween  means  
were  eva lua ted  by A N O V A .  

2.6. Drugs 

T h e  fol lowing drugs  were  used:  ch lo re thy lc lon id ine  
( R e s e a r c h  Biochemica l s  In te rna t iona l ) ,  phenoxybenza -  
mine  (Smi thKl ine ,  Beecham) ,  p razos in  (Pfizer) .  O t h e r  
drugs  and  reagen t s  were  o b t a i n e d  f rom Sigma Chemi-  
cal. 

was s t o p p e d  by add i t i on  of  300 /xl of  ice-cold  15% 
t r i ch lo roace t i c  acid and then  left  on ice for  15 min. T h e  
tubes  were  cen t r i fuged  (1500 x g, 10 min)  and  a l iquots  
(350 tzl) of  s u p e r n a t a n t  were  then  a d d e d  to 125/x l  of  
10 m M  E D T A  in 1.5 ml mic rocen t r i fuge  tubes,  fol- 
lowed by 500 /~I of  1 : 1  F r e o n  t r i -n-oc ty lamine .  T h e  
samples  were  then  vor texed  and  left  to s tand  for 10 
min p r io r  to cen t r i fuga t ion  (12000 x g ,  10 min)  and  

3 .  R e s u l t s  

3.1. Phenoxybenzamine and chlorethylclonidine effects 
on contractile responses to norepinephrine 

T h e r e  was no d i f fe rence  in the  inh ib i tory  effect  of  
p h e n o x y b e n z a m i n e  (5 n M )  on  n o r e p i n e p h r i n e -  
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Fig. 2. Norepinephrine-stimulated contraction of aortic ring seg- 
ments from 1-month-old rat before ([]) and after chlorethylclonidine 
treatment (1 /~M, II; 10 ~M, ix, 30 min), respectively. Data repre- 
sent means and standard errors of determinations from 5-6 animals 
from each group. 
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Fig. 3. Norepinephrine-stimulated contraction of aortic ring seg- 
ments from 6-month-old rat before (D) and after chlorethylclonidine 
treatment (1 /xM, II; 10 p.M, zx, 30 min), respectively. Data repre- 
sent means and standard errors of determinations from 5-6 animals 
from each group. 
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Fig. 4. Norepinephrine-stimulated contraction of aortic ring seg- 
ments from 24-month-old rat before (D) and after chlorethylcloni- 
dine treatment (1 /zM, II; 10 /xM, zx, 30 min), respectively. Data 
represent means and standard errors of determinations from 5-6 
animals from each group. 

stimulated contraction among the different ages (Fig. 
1). Different concentrations of phenoxybenzamine (1, 5 
and 10 nM) caused 25-70% inhibition of the contrac- 
tile response without showing age differences. In con- 
trast, inhibition by chlorethylclonidine (1 and 10 /zM, 
30 min) was greater in aortas from younger rats (Figs. 
2, 3 and 4). The inhibition of the contractile response 
by 1 txM chlorethyclonidine treatment was 51 + 5%, 
46 + 6% and 27 + 5% in 1-, 6- and 24-month-old aor- 
tas, respectively, and was significantly different be- 
tween 1 and 24 months. While 10 tzM chlorethylcloni- 
dine caused complete inhibition of norepinephrine- 
stimulated contraction in 1-month-old aortas, it inhib- 
ited only partially in 6- and 24-month-old aortas. 100 
/zM chlorethylclonidine and 0.1 /xM phenoxybenza- 
mine completely blocked the contractile response in all 
ages (data not shown). After treatment with chlorethyl- 
clonidine (1 tzM, 30 min), the norepinephrine concen- 
tration-response curve was biphasic in 1-month-old rat 
aortas (Figs. 2 and 5). The effect was more striking 
than it appears in the combined results because the 
inflection point varied somewhat between experiments, 
so a representative experiment is shown (Fig. 5). 
Biphasic concentration-response curves were not ob- 
served in 6- and 24-month-old aortas before and after 
chlorethylclonidine treatment, regardless of whether 
cumulative addition of agonist were in whole or half 
log increments. 

The calculated apparent affinity of norepinephrine 
determined by partial inactivation of receptors with 
phenoxybenzamine was significantly higher in the 1- 

A. 

B. 

_~ ":~- .  _ _  

I I I I I 
-8 -7 

i ,'11, 
t ' l /  , ' 

-6 ! -5 

,, -, 
-8 -7 -6 -5 

C. lg 

I I I I I I I I 
-8 -7 -6 -5 

! I 

10 min 

Log [Norepinephrine] 

Fig. 5. Representat ive concentrat ion-response curves for nor- 
epinephrine-st imulated contraction of aortic ring segments  from 
1-month-old rats before (A) and after t reatment  with phenoxybenza- 
mine (5 nM, 30 min) (B) or chlorethylclonidine (1 /zM, 30 min) (C). 

month-old aortas compared to 6- or 24-month-old aor- 
tas (Table 1). We could not compare receptor reserve 
between 1-month- and 6- or 24-month-old rats because 
the apparent affinity for norepinephrine was different. 
Apparent  affinity and potency of norepinephrine were 
not different between 6- and 24-month-old rats and 
there was no difference in receptor reserve between 
these ages. 

3.2. Inositol phosphate accumulation 

Chlorethylclonidine (100 /zM, 30 min) completely 
inhibited norepinephrine-stimulated (10 /zM) inositol 
phosphate accumulation in 1-month-old aorta but re- 
sulted in only partial inhibition in 6- and 24-month-old 
aortas (Fig. 6). Phenoxybenzamine (0.1 /zM) and pra- 

Table 1 
pD 2 ( - L o g ( E C s 0 ) )  and K d values of norepinephrine-concentrat ion 
response curves 

pD 2 - -  Log[ K d ] 

1 month  old 8.02_+0.12 a 7.17+0.10 a 
6 months  old 7.24 _+ 0.03 6.67-I- 0.08 
24 months  old 7.41 5:0.06 6.8l _+ 0.09 

a Indicates difference (n = 6-12)  in pD 2 and K d values compared to 
other  ages. 
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Fig. 6. The effect of chlorethylclonidine (100/zM, 30 min) treatment 
on norepinephrine-stimulated (10/xM) inositol phosphate accumula- 
tion of aortic ring segments from 1- (open columns), 6- (black 
columns) and 24- (hatched columns) month-old rats. Data represent 
means and standard errors of determinations from 5-6 animals from 
each group. 

zosin (0.1 /xM) completely inhibited the response in all 
ages (data not shown). 

4. Discussion 

Previous studies and the present results show that 
the aortic contractile response to norepinephrine 
changes during maturation or aging (Docherty, 1990; 
Gurdal et al., 1995). Norepinephrine is significantly 
more potent in aortas from 1-month-old rats compared 
to 6- or 24-month-old rats. Thus, the potency of nor- 
epinephrine for aortic contraction decreases during 
maturation but does not change further during aging. 
The present studies show that the apparent affinity of 
a]-adrenoceptors for norepinephrine is significantly 
greater in aortas from 1-month-old rats compared to 6 
or 24 months. The apparent affinity is not different 
between 6- and 24-month-old rats. This indicates that 
apparent affinity is reduced during maturation but 
does not change further during aging. The apparent 
affinity constants obtained for aortas from 6- and 24- 
month-old animals agree closely with those previously 
determined by other investigators (Ruffolo and Wad- 
del, 1982; Digges and Summers, 1983). The estimated 
apparent affinity constants of norepinephrine in iso- 
lated aortic rings do not represent the actual affinity 
constants, especially in view of the multiple affinity 
states associated with coupling to G proteins and the 
possible presence of receptor subtypes. The differences 

in apparent affinities between the ages could indicate 
differences at both the receptor and postreceptor lev- 
els. 

Reduced receptor number during maturation could 
cause the reduced potency of norepinephrine, but 
should not change the apparent affinity. The ehange in 
both apparent affinity and potency during maturation 
may be due to a change in receptor coupling or a 
change in the receptor subtype mediating the response 
to norepinephrine. 

Norepinephrine binding affinity to al-adrenoceptors 
is affected by guanine nucleotides through alterations 
of coupling to G proteins (Colucci et al., 1984; Lynch 
et al., 1984). Agonists bind with high affinity to recep- 
tors that are coupled to G proteins. Conversely, recep- 
tors that are not coupled to G proteins have a lower 
affinity for agonists (Lynch et al., 1984; Lefkowitz et 
al., 1987). The maturational decrease in agonist affinity 
noted in the present studies may reflect a decrease in 
receptor coupling to G proteins. 

Additional differences were also noted in a 1- 
adrenoceptor-mediated responses during maturation. 
The potency of norepinephrine at eliciting inositol 
phosphate accumulation was less and the magnitude of 
norepinephrine-stimulated 45Ca influx and effiux were 
significantly greater in 1-month-old rats compared to 6- 
or 24-month-old rats (Gurdal et al., 1995). This sug- 
gests that norepinephrine stimulation more effectively 
activates Ca 2+ fluxes in aortas from the younger ani- 
mals. Nifedipine, a voltage-dependent Ca 2+ channel 
blocker, inhibited both norepinephrine-stimulated con- 
traction and inositol phosphate accumulation more ef- 
fectively in aortas from older animals (Gurdal et al., 
1995). It appears that activation of voltage-dependent 
Ca 2+ channels becomes a more important component 
of aFadrenoceptor responses in the aorta as the ani- 
mal ages. 

To determine whether a change in the adrenoceptor 
subtypes could account for the differences in nor- 
epinephrine responses in 1-, 6- and 24-month-old aor- 
tas, the effects of the antagonist chlorethylclonidine 
were studied. Chlorethylclonidine was significantly 
more effective at inhibiting norepinephrine-stimulated 
aortic contraction in the younger rats. In contrast, a 
comparable treatment with the nonselective at- 
adrenoceptor antagonist phenoxybenzamine caused 
equivalent inhibition at each age. The subdivision of 
al-adrenoceptors pharmacologically into those that are 
sensitive to inhibition by Ca 2+ channel blockers but 
insensitive to chlorethylclonidine and those with in- 
verse properties was previously proposed (Minneman, 
1988; Han et al., 1990). In old rats aFadrenoceptor- 
mediated aortic contraction was sensitive to inhibition 
by nifedipine but relatively insensitive to chlorethyl- 
clonidine, while the converse was true of the younger 
aortas. 
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The rat aorta has been shown to contain mRNA for 
the alB- , alC- and a~D-adrenoceptor subtypes (Lomas- 
ney et al., 1991; Schwinn et al., 1990; Perez et al., 1991; 
Ping and Faber, 1993; Piascik et al., 1994). Radioligand 
binding studies indicate that the rat aorta also contains 
the pharmacologically defined alA-adrenoceptor 
(Piascik et al., 1991, 1994). Pharmacological studies 
have not yet established the role of the subtypes in 
mediating blood vessel contraction and regulating pe- 
ripheral resistance. Several studies have concluded that 
the rat aorta contains predominantly alB-adrenocep- 
tors because chlorethylclonidine effectively inhibits 
contraction to norepinephrine (Hart et al., 1990) and 
we find that chlorethylclonidine can block norepineph- 
fine-stimulated contraction in the Fisher 344 rat aorta. 
Our results indicate a predominance of chlorethyl- 
clonidine-sensitive adrenoceptor subtypes in the young 
rat aorta. However, the response is also inhibited by 
nifedipine (30%) (Gurdal et aI., 1995), suggesting the 
possible presence of another chlorethylclonidine-sensi- 
tive subtype in young aorta, since alB-adrenoceptor- 
mediated responses are resistant to Ca z+ channel 
blockers. Furthermore, in 1-month-old rats chlorethyl- 
clonidine treatment (1 /zM, 30 min) that partially in- 
hibits norepinephrine-stimulated contraction converts 
an apparently monophasic concentration-response 
curve into one that is decidedly biphasic. This could 
indicate the possible role of a second chlorethylcloni- 
dine-sensitive a~-adrenoceptor subtype in the contrac- 
tile response (e.g. a~D). In older aortas, the al-adren- 
oceptor-mediated contractile response was relatively 
insensitive to chlorethylclonidine treatment. Thus, 
while 10 /zM chlorethylclonidine completely blocked 
contraction in 1-month-old aorta, 100 /zM was re- 
quired to block the response in the older ages. These 
results indicate an increased role of relatively chloreth- 
ylclonidine-insensitive subtypes (alc, O~ID or O~IA) in 
older ages. Effective inhibition of aortic contraction by 
chlorethylclonidine occurs despite the apparent pres- 
ence of the ala-adrenoceptor, as evidenced in radioli- 
gand binding studies by high affinity for WB4101 and 
norepinephrine, and resistance to chlorethyclonidine 
(Piascik et al., 1994; Gurdal et al., unpublished results). 
This raises the question as to the function of the 
a~A-adrenoceptor in rat aorta. The present results show 
that while 100 /xM chlorethylclonidine completely 
blocked contractile responses at all ages and inositol 
phosphate accumulation in young aortas, it produced 
only partial inhibition of inositol phosphate accumula- 
tion in older aortas. This may be an indication of 
increased expression of a chlorethylclonidine-insensi- 
tive aa-adrenoceptor subtype (a~a) during maturation 
and aging and its function to stimulate formation of 
inositol phosphates. 
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