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The relative activities of adrenaline, noradrenaline and isoprenaline in producing
hyperglycaemia and glycogenolysis in skeletal muscle have been studied in both fed
and fasted rats, 1 hr after subcutaneous injection of the catechol amines. The
relative hyperglycaemic activities of the three catechol amines depended greatly
upon the prandial state of the rats and on the dose range used. In fed rats the v
relative potencies were in the descending order of potency, adrenaline—noradrenaline—
isoprenaline, irrespective of the dose range. Isoprenaline had no hyperglycaemic
activity in fed rats even at doses as high as 2 mg/kg. In fasted rats the order of
potency depended on the dose. At low doses (0.005 to 0.02 mg/kg) the descending v
order was isoprenaline—adrenaline—noradrenaline. At higher doses (0.1 to 1 mg/kg)
the descending order was adrenaline—isoprenaline—noradrenaline. The relative
activities of the three catechol amines in causing glycogenolysis in muscle was inde-
pendent of the dose range or the prandial state of the rats. Under all conditions
the descending order of potency was isoprenaline—adrenaline—noradrenaline. The \/
results are discussed with reference to Ahlquist’s (1948) hypothesis of a- and B-
receptors and were consistent with the concept that, in the rat, liver glycogenolysis is
mediated predominantly by a-receptors and muscle glycogenolysis mainly by 8-
receptors. In general the hyperglycaemic response in the fed rat is mediated pre- ./
dominantly by a-receptors and in the fasted rat the response is mainly due to the
activation of B-receptors. A drug possessing both a- and B-receptor activity elicits
an exception to this rule in the fasted rat. Several perturbing problems in the
literature, particularly with regard to the hyperglycaemic activity of isoprenaline and
to the difficulty in blocking the hyperglycaemic response, can now be explained in
the light of these findings.

A survey of the literature concerned with the effects of catechol amines on carbo-
hydrate metabolism reveals several conflicting observations. For example, Ellis &
Anderson (1951) reported that isoprenaline had no hyperglycaemic activity in the
rat, even at doses as high as 25 mg/kg, while other investigators have reported
definite hyperglycaemic effects in the rat (Pol, 1956 ; Claassen & Noach, 1960).
Discrepancies may also be found in blocking experiments. Although Schwartz
(1962) obtained relatively good block by phenoxybenzamine of the hyperglycaemic
response to adrenaline in rats, Tobe, Kurihara & Takeuchi (1961) failed to get any
block with dibenamine, a related drug.

We have found that 1 hr after the subcutaneous injection of the catechol amines,
adrenaline, noradrenaline and isoprenaline, the relative hyperglycaemic activity
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depends on the prandial state of the rat and the dose range. Many of the incon-
sistencies in previously published material, such as the examples already cited, may
now be understood in the light of these findings. A preliminary report of this
work has appeared (Fleming & Kenny, 1961).

METHODS

Drugs. The sympathomimetic amines used were (—)-adrenaline hydrochloride (Parke Davis),
(—)-noradrenaline hydrochloride (Delta Chemical Works), and (+)-isoprenaline hydrochloride
(Sterling-Winthrop). The drugs (all concentrations) were dissolved in 0.9% saline containing
ascorbic acid (0.1 mg/ml.). All drugs were injected subcutaneously.

Blood glucose experiments. Male Holtzman rats, from 6 to 8 weeks old, were maintained
on a commercial laboratory diet throughout the study. When the rats were fasted, food was
withheld during a period of from 16 to 20 hr before the start of the experiment. The rats
were lightly anaesthetized with ether and injected subcutaneously either with the sympatho-
mimetic drug or with the saline containing ascorbic acid. At 1 hr after the injection the
rats were bled by cardiac puncture under light ether anaesthesia. Blood glucose concentrations
were determined by the method of Nelson (1944). The various aspects of the use of ether
as an anaesthetic in this type of experiment have been discussed at greater length elsewhere
(Kenny & Morey, 1962). Although it was possible to show that the blood glucose concentra-
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Fig. 1. Dose/response curves for the hyperglycaemic responses to adrenaline, noradrenaline and
isoprenaline in fed rats. The responses are expressed as the increases in blood glucose com-
pared with the blood glucose level (mean and standard error, 110-4+-2-5 mg/100 ml.) of forty-
six control rats injected with 0.9% saline. The drugs were injected subcutaneously and blood
glucose levels were determined 1 hr later. The doses are plotted (abscissa, log scale) in terms
of free base of drug. Each point represents the mean value from at least fifteen rats. The
vertical lines indicate standard errors of the means.
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tions in the control rats were significantly (P<<0.05) higher if the rats had been bled at 1 hr
after an initial anaesthetization with ether than if they had been bled without any earlier
treatment (82.6 compared with 76.9 mg/100 ml.), the standard deviation was such that a
total of 114 rats was needed to uncover the statistical significance (P<<0.05) of this difference.

Muscle glycogen experiments. The rats were treated as in the blood glucose experiments
except that at 1 hr after injection each rat was lightly anaesthetized with ether and approxi-
mately 1 g of muscle was removed from the lateral surface of the thigh and quickly placed in
4.0 ml. of 30% potassium hydroxide solution in a weighed, 25 ml., stoppered test-tube.
Glycogen was determined by the method of Good, Kramer & Somogyi (1933) ; the results were
expressed in mg of glucose/g of wet tissue.

RESULTS

Blood glucose experiments. The dose/response curves for the hyperglycaemic
effects of the three catechol amines in fed rats are plotted in Fig. 1. The descending
order of potency was adrenaline—noradrenaline—isoprenaline, the last drug having
no demonstrable hyperglycaemic action even at a dose of 2 mg/kg. The dose/
response curves for these drugs in fasted rats are plotted in Fig. 2. Very different
results were obtained with fasted rats. At low doses, 0.02 mg/kg or less, the
descending order of potency was isoprenaline—adrenaline—noradrenaline. At
higher doses, isoprenaline and noradrenaline (40 and 16 mg/100 ml. respectively)
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Fig. 2. Dose/response curves for the hyperglycaemic responses to adrenaline, noradrenaline and
isoprenaline in fasted rats. The responses are expressed as the increases in blood glucose
compared with the blood glucose level (mean and standard error, 82.6+1.4 mg/100 ml.) of
103 control rats injected with 0.9% saline. The drugs were injected subcutaneously and blood
glucose levels were determined 1 hr later. The doses are plotted in terms of the free base of
drug. Each point represents the mean values from five to twenty-five rats for the noradrenaline
curve and from at least fifteen rats for the curves of the other two drugs. The vertical lines
indicate standard errors of the means.
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3. Dose/response curves for the glycogenolytic responses in muscle to adrenaline, noradrenaline
and isoprenaline in fed rats. The responses are expressed as the decreases in muscle glycogen
compared to the muscle glycogen content (mean and standard error, 5.70-+0.18 mg/g of wet tissue)
of twenty-five control rats injected with 0.9%/ saline. The drugs were injected subcutaneously
and muscle glycogen levels were determined 1 hr later. The doses are plotted in terms of the
free base of drug. Each point represents the mean value from at least ten rats. The vertical
lines indicate the standard errors of the means. )
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Fig. 4. Dose/response curves for the glycogenolytic responses in muscle to adrenaline, noradrenaline

and isoprenaline in fasted rats. The responses are expressed as the decreases in muscle glycogen
compared to the muscle glycogen content (mean and standard error, 4.50+0.11 mg/g of wet
tissue) of fifteen control rats. The drugs were injected subcutaneously and muscle glycogen
levels were determined 1 hr later. The doses are plotted in terms of the free base of drug. Each
point represents the mean value from at least nine rats. The vertical lines indicate the standard
errors of the means.
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gave maximal responses. The responses to adrenaline continued to increase with
dose so that at 0.1 mg/kg or more the descending order of potency was adrenaline—
isoprenaline—noradrenaline. In interpreting the orders of potency, particularly
from Figs. 2, 3 and 4, it must be remembered that isoprenaline was given as the
racemic-form whereas the other drugs were administered as their laevo-isomers.

When the values in Figs. 1 and 2 are compared it is evident that the response to
adrenaline was little affected by fasting. At lower doses, 0.02 and 0.2 mg/kg, the
response was slightly greater in the fasted rats. At the highest dose, 0.5 mg/kg,
the response was slightly less in the fasted rats. On the other hand the responses
to the other two catechol amines were decisively influenced by the prandial state
of the rats. Whereas feeding enhanced the response to noradrenaline it completely
abolished the response to isoprenaline.

Muscle glycogen experiments. The dose/response curves for adrenaline, nor-
adrenaline and isoprenaline on muscle glycogen in fed and fasted rats are plotted in
Figs. 3 and 4 respectively. With rats in both conditions the descending order of
potency was isoprenaline—adrenaline—noradrenaline. Noradrenaline had no
glycogenolytic activity even at a dose of 2 mg/kg. In contrast to the hyperglycaemic
response the effect on muscle glycogen was little influenced by the prandial condition
of the rats. Of the doses compared, the only significant difference between the
response in fasted rats and that in fed rats was that 0.005 mg/kg of isoprenaline
caused a greater response in the fed rats.

DISCUSSION

It is clear that the relative hyperglycaemic activities of the three catechol amines
depend on the prandial state of the rat and the dose range. It is equally clear that
the hyperglycaemic action cannot itself be conveniently classified into either a
simple «- or a simple B-receptor response, according to the system proposed by
Ahlquist (1948) for other responses. This system is based on the relative responsive-
ness of smooth and cardiac muscle to a series of catechol amines (combining with
a-receptors, in descending order of potency: adrenaline—noradrenaline—iso-
prenaline ; with B-receptors: isoprenaline—adrenaline—noradrenaline). However,
our results are consistent with the hypothesis suggested by others (Vrij, Gho, Groot
& Weber, 1956 ; Pol, 1956 ; Hynie, Wenke & Miihlbachovd, 1961 ; Roy & Schulhof,
1961) that in the rat liver glycogenolysis is mediated by an a-receptor and that muscle
glycogenolysis is mediated by a B-receptor.

There seems to be little controversy concerning the belief that a-receptors
predominate in the liver of the rat (Roy & Schulhof, 1961 ; Kennedy & Ellis, 1963).
The results of our study are consistent with this idea. The fact that isoprenaline
exhibited no hyperglycaemic activity in fed rats (Fig. 1) and the observation that
fasting, which reduces the glycogen content of the liver to 1% of its normal value
(Long, Katzin & Fry, 1940), greatly decreased the hyperglycaemic response to
noradrenaline (Fig. 2) may be cited in support of the concept.

The concept that B-receptors predominate in the glycogenolytic response in muscle
has not been consistently supported in the literature. Ellis, Davis & Anderson
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(1955), studying the in vitro effects of catechol amines on glycogenolysis in rat
diaphragm muscle, found that the descending order of potency was isoprenaline—
adrenaline—noradrenaline. This work, elegantly documented with dose/response
curves, supports the concept, as does a later report of an in vivo study from the
same laboratory (Kennedy & Ellis, 1963). However, Vrij et al. (1956) measured
the depletion in vivo of glycogen in the tibialis anterior muscle of the fasted rat.
They found that the descending order of potency, appraised from the effects seen
with only single doses of each drug, was adrenaline—isoprenaline—noradrenaline,
a finding which conflicts with that of Ellis et al. (1955) and with the results that we
present here (Fig. 4).

The evidence in the literature concerning the hyperglycaemic activity of
isoprenaline is discordant. Whereas Ellis & Anderson (1951) reported that
isoprenaline had no hyperglycaemic activity in the rat, even at doses as high as
25 mg/kg, other investigators have reported definite hyperglycaemic effects in the
rat (Pol, 1956 ; Claassen & Noach, 1960). This inconsistency can now be under-
stood if the conditions of the experiments are examined ; Ellis & Anderson (1951)
used fed rats, whereas the latter investigators used fasted animals. The picture is
not as clearcut in the dog. Although several investigators have found that
isoprenaline causes a hyperglycaemic response in the fasted dog (Mayer, Moran
& Fain, 1961 ; McClure, 1960 and personal communication ; McCutcheon, 1962),
and thus confirm our findings in the rat, there is one report of a hyperglycaemic
response to isoprenaline in the fed dog (Ashmore, Preston & Love, 1962). The
latter observation, in conflict with our results in the rat, suggests that dog liver
contains a significant number of B-receptors. We do note, however, that some of
the control concentrations of blood glucose, in what were claimed to be fed dogs
(Ashmore et al., personal communication), were 65 to 80 mg/100 ml. The work
of Murad, Chi, Rall & Sutherland (1962), in which the descending order of potency
in stimulating in vitro the accumulation of adenosine 3’,5-phosphate in dog liver
was isoprenaline—adrenaline—noradrenaline, supports the view that in dog liver,
in contrast to rat liver, B-receptors predominate.

If the hyperglycaemic response results from the interaction of the sympatho-
mimetic amine with both «- and B-receptors it is possible to explain why complete
block of this response has proved difficult. The classical a-receptor blocking drugs,
such as phenoxybenzamine or dibenamine, have not been tested under the right
circumstances. In most instances they have been tested in the fasted animal, a
condition which tends to favour the response to drugs acting on B-receptors (Fig. 2).
Under these circumstances it can be expected that these blocking agents would be
ineffective, as indeed they have proved to be in rats (Tobe et al., 1961), in cats
and rabbits (Harvey, Wang & Nickerson, 1952), and in dogs (Mayer et al., 1961 ;
McCutcheon, 1962). The crucial experiment would be to test the effectiveness of
these antagonists against noradrenaline, or even adrenaline, in the rat which has been
fed, a condition which favours the response to drugs acting on a-receptors (Fig. 1).
Schwartz (1962) tested the antagonism of phenoxybenzamine against adrenaline in
fed rats ; as is to be expected, relatively good block of the hyperglycaemic response
was obtained. Dichloroisoprenaline, the B-receptor blocking agent, should give
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effective block of the hyperglycaemic response when tested against isoprenaline, or
even adrenaline, in the fasted animal. This was the finding reported by Mayer ef al.
(1961), Claassen & Noach (1960) and McCutcheon (1962). Conversely dichloro-
isoprenaline should be completely ineffective as an antagonist of the hyperglycaemic
response to noradrenaline, or even to adrenaline, in the fed rat. Using adrenaline
in fed mice, Mayer et al. (1961) failed to demonstrate any blocking action of dichloro-
isoprenaline. The effectiveness of dihydroergotamine as an antagonist of adrenaline
(Harvey et al., 1952 ; Ellis, Anderson & Collins, 1953 ; Tobe et al., 1961) is not
surprising in view of the fact that this antagonist blocks both «- and B-receptors
(Levy & Ahlquist, 1961). :

We hold that, if the hyperglycaemic response to sympathomimetic amines is
discussed in terms of «- and B-receptors, it is possible to make a generalization on
the basis of the discussion presented above. It may be concluded that in the fed
rat the hyperglycaemic response is mediated predominantly by the a-receptors of
liver and that in the fasted rat the response is mainly due to the action of the |
B-receptors of muscle. A special case arises in the fasted rat when a drug with
activity on both «- and B-receptors, such as adrenaline, is used. Although the
receptors in liver would not normally respond to a drug which acts on a-receptors,
due to lack of substrate glycogen, it must be remembered that the drug, in possessing
also activity on B-receptors, can cause glycogenolysis in muscle and a concomitant
increase in blood lactate concentration (Cori & Buchwald, 1930). This lactate may
then be converted to liver glycogen (Cori & Cori, 1929 ; Winternitz, Dintzis & Long,
1957) and supply the substrate for the drug’s activity on a-receptors. Under these
circumstances both «- and B-receptors will respond to the drug’s action. It follows
that a B-receptor blocking agent, by preventing the release of lactic acid, should
antagonize adrenaline in the fasted rat. In the fed rat, the 8-receptor blocking agents
should be completely ineffective in blocking the hyperglycaemic response to
adrenaline. On the other hand an «-receptor blocking agent should be effective in
the fed rat.

Caution should be exercised in extrapolating these observations in rats fasted for
20 hr to those subjected to longer periods of fasting and to other species. The liver
glycogen is greatly depleted in the rat by a 24 hr fast. With more prolonged fasting
the liver glycogen begins to rise as the result of glucogenesis (Long et al., 1940).
Such a rise in glycogen would influence the hyperglycaemic response, particularly
to noradrenaline. Animals of other species, with a different distribution of «- and
B-receptors between liver and other tissues and with different relationships between
the liver glycogen content and the duration of fasting, would not necessarily respond
in a fashion similiar to that in rats. ’
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