
Acute sympathectomy of the human forearm results in a

significant increase in limb blood flow (Duff, 1951),

consistent with the presence of a ‘tonic’ vasoconstriction

mediated by sympathetic nerves. Traditionally, it was

thought that this was due to noradrenaline stimulating

post-junctional a1-adrenoceptors on vascular smooth

muscle cells resulting in vasoconstriction (see Ruffolo et al.
1991; Piascik et al. 1996). In addition to post-junctionala1-adrenoceptors, pre-junctional a2-adrenoceptors were

demonstrated to be located in the sympathetic nerve

endings, where they modulate noradrenaline release via a

negative feedback mechanism (see Ruffolo et al. 1991).

However, several pharmacological studies in experimental

animals and humans have consistently demonstrated

the presence of vasoconstricting post-junctional a2-

adrenoceptors (Kiowski et al. 1983; Jie et al. 1984). Thus, it

is now recognized that post-junctional a2-adrenoceptors

contribute to sympathetic vasoconstriction.

Our current understanding of the relative contribution ofa1- and a2-adrenoceptors to basal vascular tone in humans

is not clear. Previous studies have suggested that basala1-adrenoceptor vasoconstriction in the human forearm is

greater than that mediated through a2-adrenoceptors

(Kiowski et al. 1983; Jie et al. 1987b). In contrast, other

studies have suggested approximately equal contribution

of the adrenoceptor subtypes to basal and stimulated

vascular tone (Bolli et al. 1983; Jie et al. 1984; Taddei et al.
1988). These equivocal results are probably due to different

experimental approaches and the interpretation difficulties

associated with them. For example, in some studies,a-adrenoceptor antagonists (selective or non-selective) were

administered to different groups of subjects (Kiowski et al.
1983; Taddei et al. 1988), limiting the ability to determine

the relative contribution of the receptor subtypes to basal

vascular tone within individuals. In other studies, selectivea-adrenoceptor antagonists were given to the same subject,

but a2-adrenoceptor blockade was performed beforea1-adrenoceptor blockade (Jie et al. 1984, 1987b). This

may inhibit pre-junctional a2-adrenoceptors, increase nor-

adrenaline release, and (in the presence of a2-adrenoceptor

blockade) result in a1-adrenoceptor stimulation and a

Post-junctional a-adrenoceptors and basal limb vascular
tone in healthy men
Frank A. Dinenno, John H. Eisenach, Niki M. Dietz and Michael J. Joyner

Department of Anesthesiology and General Clinical Research Center, Mayo Clinic and Foundation, Rochester, MN 55905, USA

Previous studies have demonstrated that post-junctional a1- and a2-adrenoceptors mediate

vasoconstriction in the human forearm. However, the relative contributions of the a-adrenoceptor

subtypes to basal limb vascular tone are unknown. In healthy young men, forearm blood flow (FBF;

venous occlusion plethysmography) responses to brachial artery administration of prazosin (an

a1-adrenoceptor antagonist), yohimbine (an a2-adrenoceptor antagonist) and phentolamine (a

non-selective a-adrenoceptor antagonist) were determined after local b-adrenoceptor blockade with

propranolol. In 10 subjects, prazosin increased FBF from 2.4 ± 0.3 to 5.8 ± 1.0 ml (100 ml)_1 min_1

(~140 %; P < 0.001 vs. baseline). Subsequently, phentolamine further increased FBF to

11.7 ± 1.6 ml (100 ml)_1 min_1 (~ 385 %; P < 0.001 vs. baseline). Thus, the average calculated

increase in FBF due to removal of a2-vasoconstrictor tone was greater than that due to removal of

a1-tone (5.9 ± 0.8 vs. 3.4 ± 0.8 ml (100 ml)_1 min_1; P < 0.01) and represented ~ 63 % of basal

sympathetic tone. Complete a1-adrenoceptor blockade was confirmed by a minimal reduction in

FBF in response to phenylephrine after prazosin (46 ± 3 vs. 6 ± 4 %; before vs. after blockade) and in

a separate group of four subjects, increasing the dose of prazosin threefold did not evoke further

forearm vasodilatation. Additionally, the reduction in FBF in response to tryamine (evokes

endogenous noradrenaline release) was abolished after phentolamine (40 ± 3 vs. 2 ± 1 %; before vs.

after blockade), documenting complete pharmacological sympathectomy. In another group of

seven subjects, administering yohimbine prior to phentolamine resulted in similar findings. These

observations indicate that vasoconstricting post-junctional a2-adrenoceptors contribute more to

basal vascular tone than a1-adrenoceptors in the forearms of young healthy men. The potential

physiological and pathophysiological implications of these findings are discussed.

(Resubmitted 18 December 2001; accepted after revision 23 January 2002)

Corresponding author M. J. Joyner: Department of Anesthesia Research, Mayo Clinic and Foundation, 200 First Street SW,
Rochester, MN 55905, USA.   Email: joyner.michael@mayo.edu

Journal of Physiology (2002), 540.3, pp. 1103–1110 DOI: 10.1113/jphysiol.2001.015297

© The Physiological Society 2002 www.jphysiol.org



subsequent overstimation of a1-adrenoceptor tone (Jie et
al. 1987a; Grossman et al. 1991). In this context, it is

possible that the relative contribution of post-junctionala2-adrenoceptors to basal vascular tone may have

been underestimated. Finally, the degree of selectivea-adrenoceptor blockade often was not demonstrated

(Bolli et al. 1983; Jie et al. 1987a,b). Therefore, the relative

contribution of a1- and a2-adrenoceptors to basal limb

vascular tone in humans is currently unknown.

With this information as background, the purpose of this

study was to test the hypothesis that vasoconstricting post-

junctional a2-adrenoceptors are responsible for most of

the basal sympathetic vascular tone observed in the

forearms of healthy men. To test this hypothesis, forearm

blood flow responses to brachial artery administration

of prazosin (a selective a1-adrenoceptor antagonist),

yohimbine (a selective a2-adrenoceptor antagonist) and

phentolamine (a non-selective a-adrenoceptor antagonist)

were determined after local b-adrenoceptor blockade to

eliminate any b-mediated effects of the study drugs.

METHODS
Subjects
With Institutional Review Board approval and after written
informed consent, a total of 21 young healthy men (age,
26 ± 1 years; weight, 84.3 ± 2.8 kg; height, 182 ± 2 cm; body mass
index, 25.3 ± 0.6 kg m_2; means ± ...) participated in the
present study. All were non-smokers, non-obese, normotensive,
and not taking any medications. Studies were performed after an
overnight fast with the subjects in the supine position. All studies
were performed according to the Declaration of Helsinki.

Arterial catheterization
A 20 gauge, 5 cm catheter was placed in the brachial artery of
the non-dominant arm under aseptic conditions after 1 %
lidocaine (lignocaine) local anaesthesia. The catheter was
connected to a pressure transducer for mean arterial blood
pressure (MAP) measurement and continuously flushed at
3 ml h_1 with heparanized saline (Dietz et al. 1994). All study
drugs were administered via the brachial artery catheter at rates of
2–3 ml min_1.

Forearm blood flow and vascular conductance
Forearm blood flow (FBF) was measured using venous occlusion
plethysmography with mercury-in-silastic strain gauges (Greenfield
et al. 1963). Briefly, a paediatric blood pressure cuff was placed
around the wrist and inflated to suprasystolic levels (220 mmHg)
to arrest the circulation of the hand, and a venous occlusion
cuff was placed on the upper arm and rapidly inflated to
50 mmHg every 7.5 s, yielding one blood flow every 15 s. FBF was
expressed as millilitres per 100 millilitres of tissue per minute
(ml (100 ml)_1 min_1). To account for any changes in blood
pressure, forearm vascular conductance (FVC) was calculated as
(FBF/MAP) w 100, and expressed as ‘arbitrary units’ (a.u.).

Protocol 1.  Relative a-adrenoceptor control of basal limb
vascular tone assessed by selective a1-adrenoceptor
blockade followed by non-selective blockade
The main experimental protocol (n = 10) is shown in Fig. 1A.
Propranolol was given at 10 mg (100 ml forearm volume)_1 min_1

(mg (100 ml)_1 min_1) for 5 min to control for the potential of
noradrenaline binding to b-adrenoceptors during completea-adrenoceptor blockade and evoking vasodilatation that is not
mediated by the removal of a-adrenergic vasoconstrictor tone
(Saeed et al. 1982), as well as to control for any b-stimulating
effects of phenylephrine (Torp et al. 2001). This dose has been
documented to block forearm vasodilatation to isoproteronol
(Johnsson, 1967). A ‘maintenance’ dose of propranolol (5 mg min_1)
was then infused throughout the protocol. Prazosin was given at
0.5 mg (100 ml)_1 min_1 for 10 min to block a1-adrenoceptors
(Kiowski et al. 1983). Phenylephrine was administered at 0.125 mg
(100 ml)_1 min_1 for 2 min to stimulate a1-adrenoceptors before
and after prazosin to document the degree of a1-adrenoceptor
blockade. In subjects that demonstrated significant vasoconstriction
to phenylephrine during a1-adrenoceptor blockade (n = 6), an
additional loading dose (50 % of the original) of prazosin was
given to ensure complete blockade. Phenylephrine infusion was
then repeated.

Susequently, phentolamine was administered at 12 mg (100 ml)_1

min_1 for 10 min to block both a1- and a2-adrenoceptors (Egan et
al. 1987). To document complete a-adrenoceptor blockade,
tyramine was administered at 6 mg (100 ml)_1 min_1 for 3 min to
evoke endogenous noradrenaline release and stimulate both a1-
and a2-adrenoceptors before and after phentolamine (Frewin &
Whelan, 1968; Jie et al. 1987a,b). In subjects that demonstrated
significant vasoconstriction to tyramine during non-selectivea-adrenoceptor blockade (n = 3) an additional dose (50 % of the
original) of phentolamine was given to provide greater non-
selective a-adrenoceptor blockade and the tyramine infusion was
repeated.

The relative contribution of a1-adrenoceptors to limb basal vascular
tone was calculated as: (prazosin FBF _ rest FBF)/(phentolamine
FBF _ rest FBF) w 100, expressed as a percentage of the total increase
in limb blood flow during pharmacological sympathectomy.
Similarly, the relative contribution of a2-adrenoceptors to basal limb
vascular tone was calculated as (phentolamine FBF _ prazosin
FBF)/(phentolamine FBF _ rest FBF) w 100. These calculations
were also performed for FVC.

Protocol 2. Effects of increasing doses of prazosin ona1-adrenoceptor vasodilatation and vasoconstrictor
responses to tyramine
In an additional group of four subjects, we determined whether
the dose of prazosin administered in Protocol 1 elicited maximal
vasodilatation and whether this influenced the a2-adrenoceptor
vasoconstrictor response to tyramine during selective a1-
adrenoceptor blockade. This experimental protocol is shown in
Fig. 1B. The doses of propranolol, phenylephrine, tyramine, and
the first two doses of prazosin (1 w and 1.5 w) were identical to
those used in Protocol 1. The third dose of prazosin (3 w) was
1.5 mg (100 ml)_1 min_1, and was administered for 10 min.

Protocol 3. Relative a-adrenoceptor control of basal limb
vascular tone assessed by selective a2-adrenoceptor
blockade followed by non-selective blockade
In another group of seven subjects, the relative contribution of a1-
and a2-adrenoceptors to basal limb vascular tone was determined
by blocking a2-adrenoceptors prior to non-selective blockade
with phentolamine (Fig. 1C). Yohimbine was administered at 3.3,
6.6 and 10 mg (100 ml)_1 min_1 for 2 min to selectively blocka2-adrenoceptors. The highest dose of yohimbine has been
shown to elicit maximal forearm vasodilatation when given for
4 min, but significantly increases forearm venous noradrenaline
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concentrations (Kubo et al. 1989). Thus, our rationale to administer
this dose for 2 min was an attempt to maximize forearm blood flow
responses while minimizing pre-junctional effects of yohimbine
facilitating noradrenaline release. The doses for propranolol and
phentolamine were identical to those in Protocol 1, except the
duration of phentolamine adminstration was 15 min for all
subjects (total dose equivalent to the highest given in Protocol 1).

In this protocol, an 18 gauge, 3 cm catheter was also inserted in an
antecubital vein of the experimental forearm (n = 4) and directed
toward the hand so the tip was located in a deep vein that drained
the forearm muscles (Joyner et al. 1992). Arterial and venous
blood samples were obtained prior to yohimbine administration,
and venous samples taken at the end of the infusion of each dose
of yohimbine for determination of plasma noradrenaline
concentrations via high-performance liquid chromatography
(Minson et al. 2000). Noradrenaline spillover was calculated as the
product of the difference in arterial and venous noradrenaline and
forearm blood flow (Jie et al. 1987a). Similar to Protocol 1,a2-adrenoceptor contribution to basal vascular tone (highest
dose of yohimbine) was calculated as (yohimbine FBF _ rest
FBF)/(phentolamine FBF _ rest FBF) w 100, and a1-adrenoceptor
contribution as (phentolamine FBF _ yohimbine FBF)/
(phentolamine FBF _ rest FBF) w 100. These calculations were
also performed for FVC.

Data analysis and statistics
Data were digitised and stored on a computer at 250 Hz and analysed
off-line with signal-processing software (WinDaq, DATAQ

Instruments, Akron, OH, USA). FBF was determined from the
derivative of the forearm plethysmogram. Heart rate (HR) was
derived from the electrocardiogram signal (5-lead ECG) and
MAP was derived from the arterial pressure waveform. For
phenylephrine and tyramine, the data reported represent an
average of the last minute of each dose of drug infusion. Similarly,
the data reported for yohimbine represent an average of the last
minute of each dose of drug infusion. For prazosin and
phentolamine, we observed an initial vasodilatation that was
sustained throughout the infusion; thus the data reported
represent an average of the last 3 min of drug infusion.

All values reported are means ± ... Student’s paired t tests were
used to compare each subject’s baseline and blood flow responses
across drug infusion conditions. Statistical significance was set
a priori at P < 0.05.

RESULTS
Protocol 1
The group and individual FBF values at baseline and after

the a-antagonists are presented in Table 1. Selective

blockade of a1-adrenoceptors with prazosin resulted

in an ~140 % increase in FBF from 2.4 ± 0.3 to

5.8 ± 1.0 ml (100 ml)_1 min_1 (P < 0.001 vs. baseline).

Non-selective a-adrenoceptor blockade with phentolamine

resulted in a further increase in FBF to 11.7 ± 1.6 ml

a-Adrenoceptor control of limb vascular toneJ. Physiol. 540.3 1105

Figure 1. Experimental protocols
The order of phenylephrine and tyramine was randomized prior to a-adrenoceptor antagonist adminstration.
FBF, MAP and HR were recorded before and during infusions of study drugs. Appropriate rest periods were
allowed for FBF to return to levels prior to a-adrenoceptor agonist administration; PE indicates
phenylephrine. See text for further details.



(100 ml)_1 min_1 (~ 385 %; P < 0.001 vs. baseline). Similar

results were obtained when vasodilator responses to thea-adrenoceptor antagonists are expressed as FVC (baseline:

2.6 ± 0.3 a.u.; prazosin: 6.6 ± 1.3 a.u.; phentolamine:

13.4 ± 2.2 a.u.). On average, the calculated increase in FBF

and FVC due to removal of a2-vasoconstrictor tone was

greater than that due to removal of a1-tone (5.9 ± 0.8 vs.
3.4 ± 0.8 ml (100 ml)_1 min_1; 6.8 ± 1.1 vs. 4.0 ± 1.0 a.u.;

P < 0.01). Thus, of the total increase in limb vasodilatation

to pharmacological sympathectomy, 63 % was due to

removal of a2-vasoconstrictor tone.

The reduction in FBF to phenylephrine was significantly

reduced by prazosin administration, documenting effectivea1-adrenoceptor blockade (46 ± 3 vs. 6 ± 4 %; before vs.
after blockade; Fig. 2A). Similarly, forearm vasoconstrictor

responses to tyramine were abolished after non-selectivea-blockade with phentolamine (40 ± 3 vs. 2 ± 1 %; before

vs. after blockade), documenting complete a-adrenoceptor

blockade (Fig. 2B).

MAP was not significantly different after prazosin (95 ± 2

vs. 92 ± 3 mmHg; baseline vs. prazosin) or phentolamine

(91 ± 3 mmHg). HR was similar under all conditions

(baseline: 56 ± 2 beats min_1; prazosin: 58 ± 2 beats min_1;

phentolamine: 58 ± 2 beats min_1). The relative a-adreno-

ceptor contribution to forearm vascular tone was not

different in the subjects whose MAP tended to be lower

(n = 5) compared with those that did not demonstrate

any change during a-adrenoceptor antagonist infusion.

Importantly, in the two subjects that demonstrated

reductions in MAP (~ 4–6 mmHg) and possibly baroreflex-

mediated increases in HR (~ 6 beats min_1), the relativea-adrenoceptor contribution to forearm vascular tone was

similar to the pooled group (a2: 67 %; a1: 33 %).

Protocol 2
The degree of a1-adrenoceptor blockade was similar for

the two higher doses of prazosin (Table 2). This is

demonstrated by the comparable blunting of the vaso-
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Figure 2. Effectiveness of selective a1- (A) and non-
selective (B) a-adrenoceptor blockade
Reductions in forearm blood flow to phenylephrine (A) and
tyramine (B) are nearly abolished by a1-adrenoceptor blockade
(prazosin) and non-selective a-adrenoceptor blockade
(prazosin + phentolamine), respectively.

Table 1. The effects of a-adrenoceptor antagonists on forearm blood flow in individual
subjects from Protocol 1

After Calculated After Calculated
Subject Baseline prazosin a1-tone phentolamine a2-tone

1 3.3 8.7 5.4  18.3 9.6
2 2.9 5.4 2.5 8.3 2.9
3 1.4 3.5 2.1 8.8 5.3
4  2.3 3.5 1.2 11.3 7.7
5 1.7 5.7 4.0 10.6 4.9
6 2.1 4.2 2.1 7.8 3.6
7 3.0 12.5 9.5 21.3 8.8
8 3.8 7.5 3.7 15.9 8.4
9 2.4 4.3 1.9 10.5 6.3

10 1.3 2.3 1.0 4.7 2.5

Means ±
... 2.4 ± 0.3 5.8 ± 1.0 * 3.4 ± 0.8 11.7 ± 1.6 *† 5.9 ± 0.8 ‡

All values reported are ml (100 ml)_1 min_1; a1-vasoconstrictor tone is expressed as the difference in FBF
after selective a1-adrenoceptor blockade and that at baseline; a2-vasoconstrictor tone is expressed as the
difference in FBF after combined a-adrenoceptor blockade (phentolamine) and that after selectivea1-adrenoceptor blockade (prazosin). * P < 0.01 vs. baseline; † P < 0.01 vs. prazosin; ‡ P < 0.01 vs a1-tone.



constrictor responses to phenylephrine, as well as the lack

of further increase in FBF and FVC. Increasing the dose

threefold (3 w) compared with the dose administered in

Protocol 1 did not evoke further vasodilatation. MAP and

HR were similar under all conditions of this protocol.

Vasoconstrictor responses to tyramine during selectivea1-adrenoceptor blockade are also presented in Table 2.

This vasoconstrictor response mediated via a2-adreno-

ceptors was ~ 10 % lower during selective a1-adrenoceptor

blockade, but was similar during the two higher doses of

prazosin.

Protocol 3
Yohimbine elicited a dose–response increase in FBF

and FVC (Table 3), and phentolamine caused further

vasodilatation (P < 0.001). In these subjects, the calculated

relative contribution of a2-adrenoceptors to basal vascular

tone during pharmacological sympathectomy was 59 %.

Baseline noradrenaline spillover was 6 ± 20 pg (100 ml)_1

min_1 and did not consistently change during yohimbine

administration (yohimbine 3.3: _13 ± 26 pg (100 ml)_1

min_1; yohimbine 6.6: 17 ± 36 pg (100 ml)_1 min_1;

yohimbine 10: _29 ± 32 pg (100 ml)_1 min_1). MAP and

HR were not affected by either yohimbine or phentolamine

administration in this protocol.

DISCUSSION
The primary finding of the present study is that the relative

post-junctional a2-adrenoceptor contribution to basal

vascular tone in young healthy men is greater than that

mediated through a1-adrenoceptors. The main experimental

evidence supporting this is that the proportion of the

total forearm vasodilatation during pharmacological

sympathectomy that could be accounted for by selectivea1-adrenoceptor blockade is significantly less than that

accounted for by removal of a2-adrenoceptor vaso-

constrictor tone.

Previous studies attempting to address a1- anda2-adrenoceptor subtype contribution to basal vascular

tone have yielded equivocal results. This is probably due

to differences in experimental approaches and the

interpretation difficulties associated with them. Potential

problems of these earlier studies (alone or in combination)

include the lack of administration of selective a-adreno-

ceptor antagonists to the same groups of subjects (Kiowski

et al. 1983; Taddei et al. 1988), or the administration ofa2-adrenoceptor antagonists prior to a1-adrenoceptor

blockade (Jie et al. 1984, 1987b). Another potential

limitation with some of these previous studies is the lack of

evidence for selective a-adrenoceptor blockade (Bolli et al.
1983; Jie et al. 1987a,b). The experimental protocols

utilized in the present study were designed to minimize, if

not eliminate, these previous limitations.

Evidence for greater relative post-junctionala2-adrenoceptor contribution to basal forearm
sympathetic vasoconstrictor tone
In the present study, we employed several experimental

approaches to demonstrate greater basal vasoconstriction

mediated via post-junctional a2-adrenoceptors in humans.

In Protocol 1, we determined the forearm vasodilator

responses to selective post-junctional a1-adrenoceptor

blockade (prazosin), followed by non-selectivea-adrenoceptor blockade (phentolamine). Expressed as a

percentage of the total vasodilatation observed during

complete post-junctional a-adrenoceptor blockade, the

amount of vasoconstriction mediated via a1-adrenoceptors

was 37 %, whereas that mediated via a2-adrenoceptors was

67 %. For this approach to be valid, we first needed to

demonstrate complete a1-adrenoceptor blockade. The

a-Adrenoceptor control of limb vascular toneJ. Physiol. 540.3 1107

Table 2. Forearm vascular responses and systemic haemodynamics from Protocol 2

Baseline 1 w Prazosin 1.5 w Prazosin 3 w Prazosin

FBF (ml (100 ml)_1 min_1) 1.7 ± 0.2 2.6 ± 0.2 2.4 ± 0.3 2.6 ± 0.2
FVC (U) 2.0 ± 0.2 3.0 ± 0.1 2.8 ± 0.2 3.0 ± 0.2
Phenylephrine (%) _57 ± 6 _15 ± 3 _8 ± 3 _7 ± 2
Tyramine (%) _41 ± 5 — _31 ± 4 _29 ± 3
MAP (mmHg) 85 ± 3 87 ± 4 84 ± 4 84 ± 3
Heart rate (beats min_1) 56 ± 2 57 ± 4 57 ± 4 57 ± 4

FBF, forearm blood flow; FVC, forearm vascular conductance; MAP, mean arterial blood pressure.

Table 3. Forearm vascular responses and systemic haemodynamics from Protocol 3

Baseline Yohimbine 3.3 Yohimbine 6.6 Yohimbine 10 Phentolamine

FBF (ml (100 ml)_1 min_1) 2.5 ± 0.4 3.2 ± 0.4* 3.4 ± 0.4* 3.5 ± 0.5* 4.4 ± 0.5*†
FVC (U) 2.7 ± 0.4 3.5 ± 0.4* 3.7 ± 0.4* 3.8 ± 0.4* 4.8 ± 0.5*†
MAP (mmHg) 91 ± 2 91 ± 1 90 ± 2 91 ± 2 91 ± 2
Heart rate (beats min_1) 55 ± 3 54 ± 3 54 ± 3 54 ± 3 56 ± 3

FBF, FVC, MAP, see definitions above. Numbers after yohimbine indicate dose administered inmg (100 ml)_1 min_1. *P < 0.01 vs. baseline; †P < 0.01 vs. Yohimbine (all doses).



experimental evidence supporting complete a1-adreno-

ceptor blockade includes: (1) the significant blunting of

forearm vasoconstrictor responses to the selectivea1-adrenoceptor agonist phenylephrine (Fig. 1A; Table 2);

(2) the lack of further vasodilatation when the dose of

prazosin administered was increased threefold above the

highest dose used in Protocol 1 (Table 2).

In addition to providing evidence for complete selectivea1-adrenoceptor blockade, it was equally as necessary to

document complete non-selective a-adrenoceptor blockade

(i.e. a1 and a2). In this context, we demonstrated that the

vasoconstrictor responses to endogenous norepinephrine

release (evoked via tyramine) was abolished after

administration of both prazosin and phentolamine (Fig. 1B),

consistent with complete pharmacological sympathectomy.

Further, in Protocol 2, we demonstrated that selectivea1-adrenoceptor blockade only modestly blunted the

vasoconstriction evoked via tyramine (by ~ 10 %). This

suggests that non-selective a-adrenoceptor blockade with

phentolamine in Protocol 1 was responsible for

abolishing most of the tyramine-induced vasoconstriction.

Collectively, the data from Protocols 1 and 2 strongly suggest

complete selective a1-and non-selective a-adrenoceptor

blockade with the doses of prazosin and phentolamine

administered.

In Protocol 3, we determined the relative contributions

of post-junctional a1-and a2-adrenoceptors to basal

sympathetic vasconstrictor tone by selective blockade ofa2-adrenoceptors (yohimbine) prior to non-selectivea-adrenoceptor (i.e. reversed the order of a-adrenoceptor

blockade). Given that a2-adrenoceptor blockade has been

documented to facilitate noradrenaline release (Jie et al.
1987a; Grossman et al. 1991), we estimated noradrenaline

spillover in four of seven subjects in this protocol.

Although the doses of yohimbine administered in the

present study resulted in negligible changes in nor-

adrenaline spillover, we cannot exclude this possibility as

we did not determine this using radiolabelled isotopes.

Nevertheless, using this approach, we found that the relative

contribution of a1-adrenoceptors to basal sympathetic

vasoconstrictor tone was 41 %, and that mediated viaa2-adrenoceptors was 59 %. Taken together, the findings

from Protocols 1 and 3 indicate that post-junctionala2-adrenoceptors contribute ~ 60 % to basal forearm

sympathetic vasoconstrictor tone in humans.

Critique of methodology
Determination of the relative contribution of post-

junctional a-adrenoceptors to basal sympathetic vaso-

constrictor tone in humans is challenging. However, we

feel that the experimental approach employed in Protocol 1

may be used to determine the relative contribution of a1-

and a2-adrenoceptors to basal sympathetic tone for the

following reasons. First, previous studies have not only

demonstrated the selective nature of prazosin for post-

junctional a1-adrenoceptors, but have also shown thata1-adrenoceptor blockade with prazosin does not affect

noradrenaline release (Cambridge et al. 1977). Therefore,

assessment of the vasodilator responses to local a1-adreno-

ceptor blockade should represent only the removal of

vasoconstriction mediated through these receptors.

Second, although phentolamine has similar affinity for

both a1- and a2-adrenoceptors (Doxey et al. 1977) and can

evoke noradrenaline release by inhibiting pre-junctionala2-adrenoceptors (Saeed et al. 1982), blockade ofb-adrenoceptors prior to phentolamine will eliminate any

confounding vasodilatation that does not represent

removal of sympathetic a-adrenergic vasoconstrictor tone

(Saeed et al. 1982). Thus, the magnitude of vasodilatation

in response to non-selective a-adrenoceptor blockade with

phentolamine after selective a1-adrenoceptor blockade

with prazosin should represent only the removal ofa2-vasoconstrictor tone.

Experimental limitations
One assumption of the present study is that the pharmaco-

logical agents administered to selectively (yohimbine) or

non-selectively (phentolamine) block post-junctionala2-adrenoceptors act primarily at the level of the vascular

smooth muscle cell. Data from experimental animals

suggest that stimulation of endothelial a2-adrenoceptors

evokes a nitric oxide-mediated vasodilatation (Angus et al.
1986). Whether these adrenoceptors are involved in tonic

(basal) nitric oxide synthesis and release in humans is

unknown. We cannot exclude this possibility and, if this

were the case, blockade of these adrenoceptors would

reduce the vasodilator response (by inhibition of nitric

oxide) and understimate our calculation of the relativea2-adrenoceptor contribution to basal sympathetic vascular

tone. Another issue not addressed with the present study

design relates to the subdivision of post-junctional a1-

(a1A, a1B and a1D) and a2- (a2A, a2B and a2C) adrenoceptors,

which have recently been identified and cloned in

humans (see Bylund et al. 1995). Currently there are no

highly selective a-adrenoceptor antagonists that can

be administered to humans. Therefore, whether these

selectively participate in the control of basal or stimulated

sympathetic vasoconstriction in humans awaits further

study.

General observations
Of interest, the range of increases in FBF from Protocol 1

during complete pharmacological sympathectomy within

this homogenous group of young men was 3.4 to

18.3 ml (100 ml)_1 min_1. This biological variability may

reflect individual differences in basal muscle sympathetic

nerve activity (MSNA), noradrenaline release, a-adreno-

ceptor responsiveness, or interactions with other factors

that can modulate a-adrenergic vasoconstrictor tone.

Another interesting observation from the present study

was that the magnitude of forearm vasodilatation in the
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subjects from Protocol 1 was greater compared to the

vasodilatation observed in the other two protocols. It is

possible that this again reflects normal interindividual

biological variability. Another possiblity is that seasonal

variations in basal MSNA and, hence, vasoconstrictor tone

exist in humans. In this context, preliminary evidence

suggests that basal MSNA and plasma noradrenaline are

~ 40 % greater in winter months compared with summer

(Niimi et al. 1999). This is consistent with our observation

of greater forearm vasodilatation to pharmacological

sympathectomy in the subjects from Protocol 1, who were

studied in winter (January–March), compared with

subjects in Protocols 2 and 3 who were studied in

summer/early autumn (June–October). The possibility of

seasonal differences in sympathetic vasoconstrictor tone

deserves further study.

Potential significance
Skeletal muscle blood flow responses during a variety of

hyperaemic conditions depend critically on the interaction

between local vasodilator and neural vasoconstrictor

influences. Recent studies in experimental animals

(Anderson & Faber, 1991; Thomas et al. 1994; Buckwalter

et al. 2001) and humans (Hansen et al. 2000) have

demonstrated that the vasoconstrictor responses to

sympathetic nerve stimulation, a-adrenoceptor agonist

administration, and/or noradrenaline release are blunted

in contracting skeletal muscle (functional sympatholysis).

The data from the animal models have consistently

demonstrated that this effect is mediated primarily

through a2-adrenoceptors (Anderson & Faber, 1991;

Thomas et al. 1994; Buckwalter et al. 2001) and might be

specific to fast-twitch skeletal muscle fibres (Anderson &

Faber, 1991; Thomas et al. 1994). One interpretation of

this data is that the proportion of a2-adrenoceptors is

greater in the arterioles that subserve fast-twitch compared

with slow-twitch skeletal muscle. Whether this is true for

humans is unknown. However, if this were the case, we

might expect that any conditions that influence skeletal

muscle fibre type distribution (e.g. ageing, heart failure,

muscular dystrophy) may be associated with similar

changes in post-junctional a-adrenoceptor subtypes and

their respective contribution to vascular tone.

Another factor that may influence relative post-junctionala-adrenoceptor control of basal limb vasoconstrictor

tone is chronic levels of MSNA. For example, Ohyanagi et
al. have demonstrated that low frequency stimulation

of sympathetic nerves preferentially stimulates post-

junctional a2-adrenoceptors, whereas post-junctionala1-adrenoceptors are preferentially recruited during high

frequency nerve stimulation (Ohyanagi et al. 1991). Thus,

it appears plausible to speculate that this may explain the

greater contribution of a2-adrenoceptors observed in the

young healthy men (low basal MSNA) in the current

study. Whether this relative contribution is shifted to

greater a1-adrenoceptor vasoconstriction in humans with

chronically elevated MSNA (e.g. older adults, heart failure

patients) has yet to be determined. However, the

experimental design employed in the present study

(Protocol 1) will allow in vivo determination of whether

changes in relative post-junctional a-adrenoceptor

contribution to vascular tone occur in these populations.

It also remains to be determined whether differences in a1-

and a2-adrenoceptor control of vascular tone in conditions

such as ageing and heart failure influence skeletal muscle

blood flow responses and systemic blood pressure

regulation during exercise.

Conclusions
In contrast to the classical view that sympathetic

vasoconstriction in humans is mediated primarily by post-

junctional a1-adrenoceptors, our data suggest that the

relative a2-adrenoceptor contribution to basal limb vascular

tone is greater than that mediated via a1-adrenoceptors.

The potential physiological and pathophysiological

implications of these findings remain to be determined.
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