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The fact that adrenaline can cause vasoconstriction or vasodilatation in
skeletal muscle has been known since the work of Dale (1906) on ergo-
toxine. Both these actions are due to a direct effect of adrenaline on the
vessels, and do not depend upon an intact nerve supply (Elliott, 1905;
Dale & Richards, 1927). Other substances which inhibit the constrictor
response, such as chlorpromazine and phenoxybenzamine, also cause a
reversal of the pressor action of the amine in animals (Nickerson, Henry &
Nomaguchi, 1951; Huidobro, 1954; Green, Denison, Williams, Garvey &
Tabor, 1954). In man chlorpromazine and phenoxybenzamine have been
shown to reduce the constrictor effects of adrenaline and noradrenaline in
the hand (Ginsburg & Duff, 1956, 1958; Duff & Ginsburg, 1957). The
present investigation is a quantitative study of the effect of phenoxy-
benzamine (Dibenyline) on the response to adrenaline, noradrenaline and
isopropylnoradrenaline in the human forearm. Results have previously
been reported in brief (Allwood & G-insburg, 1959). Our results with
adrenaline confirm those obtained in a similar study by de la Lande &
Whelan (1959).

METHODS

Thirty-four experiments were performed on twenty-eight healthy medical students of both
sexes between the ages of 19 and 26 years. They lay on a comfortable couch, wearing normal
indoor attire, in a room maintained at 21 + 10 C. Blood flow was measured simultaneously
in both forearms at intervals of 0 5 min by venous occlusion plethysmography (Barcroft &
Swan, 1953). A continuous infusion of 0 9 % NaCl solution was maintained through an
indwelling needle inserted into the brachial artery of the test forearm; phenoxybenzamine
and the amine under study (adrenaline tartrate, British Drug Houses; L-noradrenaline
bitartrate, Bayer and Co.; isopropylnoradrenaline HCI, Winthrop) were given intra-arterially
through this needle. In some experiments a similar infusion was maintained through a
needle inserted into an antecubital vein of the opposite arm, so that the amine could be given
intravenously. Ascorbic acid (0-1 mg) was added to each pint (0-57 1.) of saline to protect
solutions of amines from oxidation (Gaddum, Peart & Vogt, 1949).

After initial recordings of resting blood flow, a control infusion of the amines under study
was given intra-arterially or intravenously for a period of 10 min, except with intra-
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arterial noradrenaline which was infused for 5 min. After the blood flow had returned to the
resting value phenoxybenzamine hydrochloride (Dibenyline; Smith, Kline and French) was
given intra-arterially into the test forearm in a total dose of 3 mg at the rate of 500 jug/min
for 6 min. This caused a moderate increase in flow in the treated limb, with no change on
the opposite (control) side. After a further control period the intra-arterial or intravenous
infusion of the particular amine was then repeated, and blood flow compared with that
recorded during the infusion before giving phenoxybenzamine.

Blood flow is expressed in ml. blood/100 ml. tissue/min. In experiments where the amine
was given intravenously the blood flow in the test limb has been directly compared with that
in the control limb. When the amine was given intra-arterially changes in blood flow have
been compared in the same (test) limb before and after receiving phenoxybenzamine, after
allowing for phasic 'spontaneous' variations in flow as measured in the contralateral limb
(Duff, 1952; Ginsburg & Duff, 1956).

RESULTS

The responses of the forearm blood vessels to intra-arterial and intra-
venous infusions of sympathomimetic amines, both before and after
phenoxybenzamine, are compared in Table 1.

TABLE 1. Effect of sympathomimetic amines on mean forearm blood
flow (ml./100 ml./min) before and after phenoxybenzamine

Intra-arterial infusion

Before After
phenoxybenzamine phenoxybenzamine

A ,A

Pre- During Difference Pre- During Difference
infusion infusion (%)* infusion infusion (%)*

Adrenaline (2 ,ug/min) 3-2 1-3 - 54 851 21-4 + 173
Noradrenaline (2 ,g/min) 3.5 0-7 - 77 6*3 4-8 - 15
I8opropylnoradrenaline 3-1 11-4 +260 5*1 13-0 + 194
(0.1 ,ug/min)

Intravenous infusion, after phenoxybenzamine

Control forearm Test forearm

Pre- During Difference Pre- During Difference
infusion infusion (*%)* infusion infusion (% )*

Adrenaline (10 ytg/min) 2 7 4-0 + 51 5-3 14-1 +226
Noradrenaline (10 ,ug/min) 3-7 2-7 - 23 6-7 7-3 + 12
I8opropylnoradrenaline 3-6 5-5 + 66 5-5 12-4 + 175
(4 pg/min)
* These are mean differences and not the difference between means. In calculating these

values for intra-arterial infusions allowance was made for 'spontaneous' flow variations
measured in the control limb (Duff, 1952; Ginsburg & Duff, 1956).

Effect of phenoxybenzamine on intra-arterial adrenaline
This was studied in six subjects; the results are summarized in Fig. 1 (a).

In the first minute of an intra-arterial infusion of 2 ,g/min adrenaline
there was an initial transient vasodilatation, followed immediately by a
vasoconstriction which lasted until the end of the 10 min infusion period.
An 'after-dilatation' was then observed, reaching its maximum about
2 min after the end of infusion.
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Intra-arterial phenoxybenzamine (500 [g/min for 6 min) caused a
moderate increase in forearm blood flow, so that thereafter resting values
in the test limb were about double those before giving phenoxybenzamine.
Infusion of intra-arterial adrenaline in the same dosage as before now
caused a more marked initial dilatation, with blood flow subsequently
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Fig. I. Forearm blood flow during adrenaline infusions before and after phenoxy-
benzamine. (a) averaged results from six subjects given intra-arterial adrenaline
(2 ,ug/min). (b) averaged results from six subjects given intravenous adrenaline
(10 ,g/min). Between the two parts of the experiments the subjects received intra-
arterial phenoxybenzamine (3 mg during 6 min).

remaining at this high level throughout, or increasing further. There was
no 'after-dilatation' following the end of this infusion, forearm flow re-
maining elevated for several minutes before returning slowly towards the
resting level. Blood flow in the contralateral (control) forearm remained
relatively constant throughout.
Forearm blood flow in the test limb decreased from an average of

3-2 ml./100 ml./min (resting) to 1-3 ml. during the control infusion; after
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phenoxybenzamine it increased during administration of adrenaline from
8-1 (resting) to 21-4 ml. Mean changes from the 'expected' flow during
adrenaline infusion in the treated limb were -54% before and + 173% after
giving phenoxybenzamine, a difference which is significant (t = 4-32,
P < 0*0l).

Intravenous adrenaline. This was studied in six subjects (Fig. 1(b)).
Changes in the two forearms during the control infusion of 10 ,ug adrena-
line/min for 10 min were similar, and consisted of a transient initial vaso-
dilatation, followed by a decrease in flow and a smaller sustained vasodila-
tation during the remainder of the infusion.

After phenoxybenzamine the resting flow was about doubled in the test forearm, although
unchanged in the control. During the subsequent intravenous infusion of adrenaline the
blood flow in the test limb was markedly elevated compared with that in the control in-
fusion, although maintaining a similar pattern of transient and sustained phases. Changes
in the contralateral limb were similar to those during the control infusion.
Mean resting blood flow in the control and test forearms before giving phenoxybenzamine

was 2-5 and 2-6 ml., increasing to 4 9 and 3.9 ml. respectively during the sustained dilatation.
After giving phenoxybenzamine the mean resting blood flow in the control and test forearms
was 2-7 and 5-3 ml., increasing respectively during adrenaline infusion to 4 0 and 14-1 ml.
Before giving phenoxybenzamine there was no significant difference between the increase in
flow on the control and test sides during intravenous adrenaline infusion.

After administration of phenoxybenzamine the increase during adrena-
line infusion was unchanged on the control side, but on the treated side
the increase of 226 % was significantly greater than the 51 % increase at
the corresponding time in the contralateral (control) limb (t = 2*83,
P < 0.02).

Effect of phenoxybenzamine on intra-arterial noradrenaline
The results obtained on five subjects are summarized in Fig. 2 (a).

Resting blood flow in the test limb was 3-5 ml./100 ml./min, decreasing to
0*7 ml. during the infusion of noradrenaline 2 ,ug/min for 5 min. After
phenoxybenzamine resting flow increased to 6-3 ml., decreasing to 4*8 ml.
during subsequent noradrenaline infusion. Average blood flow in the contra-
lateral (control) limb remained between 3-3 and 3-8 ml. throughout. The
mean change from the 'expected' flow in the test forearm during nor-
adrenaline infusion was a decrease of 77 % before and of 15 % after giving
phenoxybenzamine, a difference which is significant (t = 3.94, P < 0 01).

Intravenous noradrenaline. This was studied in six subjects (Fig. 2(b)).
Resting blood flow averaged 4-0 ml./100 ml./min in both the control and
test forearms, decreasing to 3 0 and 3-6 ml. respectively during intra-
venous infusion of noradrenaline 10 pg/min for 10 min. After phenoxy-
benzamine the resting flow in the test limb increased to 6-7 ml. During the
subsequent noradrenaline infusion the blood flow on the test side showed
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a further slight increase to 7-3 ml., while that in the control forearm de-
creased from 3*7 to 2*7 ml. Before phenoxybenzamine the changes in
blood flow during noradrenaline infusion were similar in the two forearms.
After phenoxybenzamine the average change in flow in the test arm was an
increase of 12 %, compared with a 23 % decrease in the control forearm.
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Fig. 2. Forearmbloodflowduringnoradrenaline infusionsbefore andafterphenoxy-
benzamine. (a) averagedresultsfromfivesubjectsgiven intra-arterial noradrenaline
(2 ,ug/min). (b) averaged re3alts from six subjects given intravenous noradrenaline
(10 ,ug/min). Between the two parts of the experiments the subjects received intra-
arterial phenoxybenzamine (3 mg during 6 min). Note different time scales of (a)
and (b).

This difference is not statistically significant (t = 2-02, 0 1 > P > 0 05).
Changes in blood flow in the control forearm during noradrenaline
infusion before and after phenoxybenzamine were similar, namely de-
creases of 21 and 23 % respectively.

Effect of phenoxybenzamine on intra-arterial isopropy1noradrenaline
The results obtained on five subjects are summarized in Fig. 3(a).

Resting blood flow in the test forearm averaged 3 1 ml./100 ml./min, in-
creasing to 11-4 ml. during intra-arterial infusion of isopropylnoradrenaline

15 PHYSIO. CLVIII
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0 1 ,ug/min. After intra-arterial phenoxybenzamine the resting blood flow
on the treated side was 5*1 ml., increasing to 13-0 ml. during the sub-
sequent infusion of isopropylnoradrenaline. Blood flow in the contra-
lateral (control) forearm was between 2-4 and 3-3 ml. throughout. The in-
crease in blood flow in the test forearm above the expected flow during
isopropylnoradrenaline infusion was 260 % before and 194 % after giving
phenoxybenzamine, a difference which is not significant (t= 1-07,
P > 0*1).
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Fig. 3. Forearm blood flow during i8opropylnoradrenaline infusions before and
after phenoxybenzamine. (a) averaged results from five subjects given intra-arterial
isopropylnoradrenaline (01 ,ug/min). (b) averaged results from six subjects given
intravenous isopropylnoradrenaline (4 pg/min). Between the two parts of the ex-
periments the subjects received intra-arterial phenoxybenzamine (3 mg during
6 min).

Intravenous isopropylnoradrenaline. This was studied in six subjects
(Fig. 3 (b)). Average resting blood flow in both forearms before Dibenyline
was 2-7 ml./100 ml./min, increasing during intravenous infusion of iso-
propylnoradrenaline 4 pug/min to 4-9 and 5-7 ml. on the control and test
sides respectively. After intra-arterial phenoxybenzamine the resting
blood flow was 3-6 ml. in the control forearm, but increased to 5*5 ml. on
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the test side. When the infusion of isopropylnoradrenaline was subse-
quently repeated, blood flow in the control forearm increased to 5-5 ml.,
that in the test forearm to 12-4 ml. During isopropylnoradrenaline in-
fusion before phenoxybenzamine there was no significant difference
between the increase in blood flow in the two forearms. After phenoxy-
benzamine the average increase in forearm blood flow on the treated side
during isopropylnoradrenaline infusion was 175 %, compared with a 66 %
increase on the control side, a difference which is significant (t = 2*74,
P < 0.05). In the control limb there was no significant difference between
the increase in blood flow during isopropylnoradrenaline infusion before
and after phenoxybenzamine.

DISCUSSION

Intra-arterial infusion of phenoxybenzamine to a total dosage of 3 mg
increased blood flow in the test forearm by an average of 90 %, while
having no demonstrable effect on the blood flow in the opposite forearm.
This vasodilatation is of the same order as that produced by blocking the
deep nerves to the forearm (Barcroft, Bonnar, Edholm & Effron, 1943).
The increase in forearm blood flow could therefore have been due to the
blocking action of phenoxybenzamine on sympathetic excitatory activity.
Other mechanisms may be involved, however, for Duff (1956) has shown
phenoxybenzamine to have a direct vasodilator action, for it increased
blood flow in recently sympathectomized limbs. An initial vasoconstrictor
response to intra-arterial phenoxybenzamine did not occur in the present
experiments, although this has been described in animals (Green et al.
1954).
While in animals very large doses ofphenoxybenzamine have been shown

to block vasodilator as well as vasoconstrictor responses (Nickerson et al.
1951; Green et al. 1954), in man in the dosage used here vasoconstriction
alone is blocked. This allows us to separate vasoconstrictor and vasodilator
components of the response to infused amines. Thus the response of the
vessels of the forearm to infused adrenaline can be shown to have both
dilator and constrictor components, since the vasoconstriction caused by
intra-arterial infusion of adrenaline may be completely reversed. This is in
agreement with the results of de la Lande & Whelan (1959).
The response in the forearm to intra-arterial noradrenaline is, however,

purely vasoconstrictor, since phenoxybenzamine reduced this effect with-
out reversing it. Nor was there a reversal of action with intravenous nor-
adrenaline, for the slight increase in average blood flow during noradrena-
line infusion after phenoxybenzamine (Fig. 2(b)) was not significantly
different from the mean change in flow during infusion of noradrenaline
before phenoxybenzamine.
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Isopropylnoradrenaline has been shown to cause a marked dilatation in
skeletal muscle in man, whether given intravenously or intra-arterially
(Barcroft & Konzett, 1949; Cobbold, Ginsburg & Paton, 1960). With intra-
arterial isopropylnoradrenaline the vasodilatation in the forearm was much
the same before and after phenozybenzamine, indicating that there was
no blockade of any direct vasoconstrictor component. There was, how-
ever, an increased vasodilator response with intravenous isopropvlnor-
adrenaline after phenoxybenzamine, indicating the inhibition of some con-
strictor effect on forearm vessels. Whether this is similar to the reflex
vasoconstriction in muscles seen on intravenous isopropylnoradrenaline
infusion in cats, and initiated by the fall in systemic blood pressure
(Bowman, 1959), or whether some other mechanism is involved, is not
known. While a reflex vasoconstriction initiated by a fall in blood pressure
would explain the decrease in forearm flow during intravenous infusion,
it is unlikely to account for the fall in flow from the initial peak level during
intra-arterial infusion.

It has been suggested that the sustained phase of the vasodilatation
during intravenous adrenaline infusion is due to the action on the muscle
vessels of some humoral substance which might be released by adrenaline
(Barcroft & Swan, 1953). One substance which has been suggested is
lactic acid, since an increase in blood lactate occurs following adrenaline
administration (Cori & Buckwald, 1930). Evidence suggesting that lactic
acid is responsible for adrenaline vasodilatation in the cat has been pre-
sented by Lundholm (1956). In man the venous lactate rises during intra-
venous infusion of adrenaline (Bell & Stead, 1952; Barcroft & Cobbold,
1956), and also during intra-arterial infusion (Allwood & Cobbold, 1961).
There is no conclusive evidence, however, that it is lactic acid which is, in
fact, responsible for the sustained vasodilatation in man. The present
results indicate further that it may not be necessary to postulate formation
or release of another dilator substance to explain this sustained increase in
flow, for a dilator response in muscle to both intra-arterial and intra-
venous infusion of adrenaline is revealed when constrictor effects have been
abolished by phenoxybenzamine.
An 'after-dilatation' was a prominent feature soon after the cessation of

the control infusion of intra-arterial adrenaline. In the presence of pheno-
xybenzamine the 'after-dilatation' following intra-arterial adrenaline did
not occur. This was also noted by de la Lande & Whelan (1959). It may,
as suggested by these authors, be accounted for by a more rapid wearing
off of the constrictor component of adrenaline action before the dilator
effect has ceased. Although in the dosage used here intra-arterial nor-
adrenaline and intra-arterial adrenaline both caused a comparable decrease
in forearm blood flow, there was no after-dilatation following noradrenaline
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infusion. This suggests that the phenomenon is not simply a 'rebound' on
cessation of vasoconstriction, nor is it a reactive-hyperaemic response to a
period of relative ischaemia. Moreover, there was no after-dilatation in the
hand following intra-brachial infusion of the closely similar dose of 1-5 ,g
adrenaline/min (Swan, 1951). Although we do not yet know the cause of
the after-dilatation this evidence suggests that it is specifically related to
the action of adrenaline on skeletal muscle.

SUMMARY

1. The effect of intra-arterial phenoxybenzamine on the change in fore-
arm blood flow during the infusion of sympathomimetic amines has been
determined in healthy students by venous occlusion plethysmography.

2. Phenoxybenzamine reversed the normal constrictor response in the
forearm to intra-arterial infusion of adrenaline (2 ,g/min). The dilator
response to the intravenous infusion of adrenaline (10 ,ug/min) was also
significantly increased.

3. Phenoxybenzamine significantly reduced the vasoconstriction pro-
duced by intra-arterial infusion of noradrenaline (2 ,ug/min), but did not
uncover a vasodilatation; the constrictor response to intravenous nor-
adrenaline (10 ,ug/min) was abolished.

4. Vasodilatation during the intra-arterial infusion of isopropylnor-
adrenaline (0-1 ,g/min) was not significantly altered; with intravenous
i8opropylnoradrenaline (4 jug/min) the vasodilator response was increased.

5. The results suggest that it is not necessary to postulate release of
another vasodilator to explain the sustained vasodilatation in the forearm
during intravenous infusion of adrenaline.
We are indebted to Professor H. Barcroft, F.R.S., for helpful discussion and advice, to

Messrs Smith, Kline & French for supplies of phenoxybenzamine, to Messrs Bayer for
noradrenaline and to Messrs Winthrop for i8opropylnoradrenaline. Certain expenses were
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