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Abstract—Physostigmine (25-400 ng/kg) was found to produce an increase in the amount
of glycogen in the heart atria and heart apex, and at the same time a decrease in the
amount of glycogen in the adrenals. Neostigmine (25-50 ug/kg) also produced an
increase in the amount of glycogen in the heart atria, but did not affect the amount of
glycogen in the adrenals. All these effects were dose-dependent. Atropine was found to
block in an equally effective way both the effect of physostigmine in increasing the
amount of glycogen in the heart, and its glycogenolytic effect in the adrenals. The effect
of neostigmine in increasing the amount of glycogen in the heart atria was also blocked
by atropine. Propranolol blocked only the glycogenolytic effect of physostigmine in
the adrenals. In 6-hydroxy-dopamine treated rats physostigmine did not produce the
glycogenolytic effect in the adrenals. 6-Hydroxy-dopamine itself was found to produce
an increase in the amount of glycogen in the adrenals.

PHYSOSTIGMINE has been shown to produce glycogenolysis in various tissues of the rat.
Thus, the intravenous injection of physostigmine produced a decrease in the glycogen
stores in the liver,! in the various structures of the central nervous system,? and in the
striated muscle.? In contrast to physostigmine, neostigmine did not affect the glycogen
stores in either of these tissues. The glycogenolytic effect of physostigmine was
explained by its activation of adrenergic mechanisms which are known to participate
in glycogenolysis. This effect is supposed to be of the central origin and it is probably
similar to the hypertensive action of physostigmine in the rat.4—¢

The adrenals are known as the largest single pool of catecholamines and the heart
atria are known to be very rich in sympathetic arborization. Some preliminary data
indicated that physostigmine might affect the glycogen stores in the heart atria in a
manner which is different from that in the other tissues.!:”

In the regulation of heart phosphorylase activity, the sympathetic nervous system
has been found to be a factor of fundamental importance.® On the other hand, cardiac
phosphorylase activity can also be affected by the parasympathetic system.® This is
best demonstrated when the activity of this system is already elevated. Taking into
account that physostigmine can produce a central adrenergic activation and neo-
stigmine can produce a peripheral cholinergic stimulation, it was of interest to investi-
gate the effects of these two substances on the glycogen stores in the heart and in the
adrenals of the rat.
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MATERIALS AND METHODS

Only male albino rats (190220 g) were used in these experiments. Standard food and
water were allowed to all animals ad lib.

Physostigmine salicylate and neostigmine methylsulphate were injected intra-
venously. These anticholinesterases were allowed to act for 30 min before the animals
were sacrificed. Propranolol hydrochloride (10 mg/kg), phenoxybenzamine hydro-
chloride (5 mg/kg) and atropine sulphate (0-5 mg/kg) were injected intraperitoneally.
These blocking agents were allowed to act for 20 min before physostigmine or neo-
stigmine were injected. 6-Hydroxy-dopamine (30 mg/kg) was also injected intra-
venously.

The animals were sacrificed by means of a specially constructed guillotine. For
determination of cardiac glycogen both heart atria were dissected as quickly as
possible, within 60 sec after death of the animal. In a separate series of animals a piece
of heart apex, weighing about 25 mg, was dissected. Care was taken that the sample is
always cut from the same anatomical region. Again in a separate series of animals both
adrenals were dissected (because it was impossible to dissect both the heart and
adrenals within 60 sec).

Glycogen was estimated according to the method described by Montgomery.!°

The following substances were used: physostigmine salicylate, neostigmine methyl-
sulphate (Prostigmin “Roche”), propranolol hydrochloride (Inderal “ICI”)*
phenoxybenzamine hydrochloride, atropine sulphate and 6-hydroxy-dopamine hydro-
bromide (Regis Chemical Co.).

RESULTS

The effect of physostigmine. The increasing doses of physostigmine were found to
affect quite differently the glycogen stores in the heart atria and in the adrenals. The
intravenous injection of physostigmine (25-400 ug/kg) was found to produce a dose-
dependent increase in the amount of glycogen in the heart atria, and a dose-dependent
decrease in the amount of glycogen in the adrenals. All these changes were statistically
highly significant in comparison to the control values of glycogen either in the heart
atria or in the adrenals (P < 0-001). There was a linear relationship between the
doses of physostigmine (on the log scale) and the percentage increase or decrease in the
amount of glycogen (Figs. 1 and 2).

The other characteristic of the effect of physostigmine on the glycogen stores in the
heart atria was an inverse relationship between the doses and the effect, i.e. the small
doses produced a large increase in the amount of glycogen, whereas large doses of
physostigmine produced a smaller, but still highly significant, increase in the amount of
glycogen (Fig. 1). On the other hand, the glycogenolytic effect of physostigmine in the
adrenals was directly proportional to the doses used, i.e. the small doses produced a
small glycogenolytic effect and the large doses produced a strong glycogenolysis
(Fig. 2).

The increasing doses of physostigmine (50-200 ug/kg) were also found to produce an
increase in the amount of glycogen in the heart apex, but—contrary to the heart
atria—this increase was directly proportional to the doses used. A linear relationship
was found if the doses (on the log scale) were plotted against percentage increase in the
glycogen concentration (Fig. 3).

* Kindly supplied by Dr. A. Spinks from I.C.I., Macclesfield, England.
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Fi1G. 1. The effect of increasing doses of physostigmine on the amount of glycogen in the heart atria.
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F1G. 2. The effect of increasing doses of physostigmine on the amount of glycogen in the adrenals.
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Fic. 3. The effect of increasing doses of physostignine on the amount of glycogen in the heart apex.

The effect of neostigmine. Neostigmine was injected in doses of 25 and 50 ug/kg.
Both these doses were lethal for some of the animals injected. These doses of neo-
stigmine were found to produce an increase in the amount of glycogen in the heart
atria. In five animals treated with 25 pg/kg the amount of glycogen in the heart atria
was 319 4+ 78 mg% (mean 4+ S.E.M., one animal died out of six injected). In
another group of five animals the dose of 50 pg/kg neostigmine increased the amount
of glycogen to 405 4 10-0 mg 9/ (three animals died out of eight injected). In com-
parison with the controls (233 + 7-1 mg9}, three animals), the increase in the con-
centration of glycogen was statistically highly significant (P < 0-001).

Atropine (0-5 mg/kg intraperitoneally) was found to block the effect of neostigmine.
Thus, in a group of four animals treated with both atropine and neostigmine (25 ng/kg)
the concentration of glycogen was 237 4 7-7 mg%,. This value is practically the same
as that in the control animals.

On the contrary, neostigmine did not affect the amount of glycogen in the adrenals.
Thus, in two groups of animals treated with the above-mentioned doses of neo-
stigmine, the concentration of glycogen was 364 4+ 5-3 mg% (five animals) and
370 4 7-2 mg% (five animals). There was no statistical difference between these
values and that in the control animals (373 4 4-3 mg %, three animals). The mortality
rate in these two groups of animals was 28 and 44, indicating the toxicity of the doses
used.

The effect of propranolol. Propranolol (10 mg/kg intraperitoneally) did not affect the
action of physostigmine in increasing the amount of glycogen in the heart atria. There
was no difference in the concentration of glycogen in the heart atria between the
animals injected with the increasing doses of physostigmine only, and those injected
with both physostigmine and propranolol (Table 1).

On the other hand, the same dose of propranolol was found to block completely the
glycogenolytic effect of physostigmine in the adrenals. There was no statistically
significant difference between the amount of glycogen in the animals treated with both
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TABLE 1. THE EFFECT OF PROPRANOLOL (10 mg/kg INTRAPERITONEALLY) AND OF THE INCREASING DOSES
OF PHYSOSTIGMINE ON THE CONCENTRATION OF GLYCOGEN IN THE HEART ATRIA OF THE RAT

Glycogen
Treatment (mg%) P
1. Controls 240 £+ 52 P(1:2) not significant
@
2. Propranolol (10 mg/kg) 237 4+-4-3 P(1:3) < 0-:001
3)
3. Physostigmine salicylate (25 ug/kg) 451 + 51 P(1:4) < 0-001
)
4. Physostigmine salicylate (50 ug/kg) 423 4- 65 P(1:5) < 0001
@
5. Physostigmine salicylate (100 ug/kg) 390 + 7:3 P(1:6) < 0001
@
6. Physostigmine salicylate (200 ng/kg) 342 £+ 51 P(1:7) < 0:001
“)
7. Physostigmine salicylate (400 ug/kg) 337 + 50
“)
8. Propranolol (10 mg/kg) + physostigmine salicylate 413 4- 6-8 P(4:8) not significant
(50 ng/ke) ) @
9. Propranolol (10 mg/kg) + physostigmine salicylate 381 22 P(5:9) not significant
(100 pg/kg) @
10. Propranolol (10 mg/kg) + physostigmine salicylate 338 + 42 P(6:10) not significant
(200 ug/ke) , , @
11. Propranolol (10 mg/kg) + physostigmine salicylate 306 £ 92 P(7:11) not significant
(400 pgfkg) 3

The numbers indicate the mean value + S.E.M.

The number of experiments is indicated in parenthesis.

TaBLE 2. THE EFFECT OF PROPRANOLOL (10 mg/kg INTRAPERITONEALLY) ON THE GLYCOGENOLYTIC
EFFECT OF PHYSOSTIGMINE IN THE ADRENALS OF THE RAT

Glycogen
Treatment (mg?%?) P
1. Controls 373 4- 87
@
2. Propranolol (10 mg/kg) 3718 £ 72 P(1:2) not significant
3
3. Physostigmine salicylate (50 pg/kg) 337 £ 66 P(1:3) < 005
@
4. Physostigmine salicylate (100 ug/kg) 297 £ 60 P(1:4) < 0-001
@
5. Physostigmine salicylate (200 pg/kg) 238 + 69 P(1:5) < 0-001
4
6. Propranolol (10 mg/kg) + physostigmine salicylate 373 + 87 P(1:6) not significant
(50 pg/ke) @
7. Propranolol (10 mg/kg) + physostigmine salicylate 365 + 78 P(1:7) not significant
(100 pg/ke) . @
8. Propranolol (10 mg/kg) + physostigmine salicylate 340 + 73 P(1:8) not significant
(200 pg/kg) @

The numbers indicate the mean value + S.E.M.
The number of experiments is indicated in parenthesis.
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physostigmine and propranolol, and the amount of glycogen in the controls (Table 2).

The effect of phenoxybenzamine. It has been already found that the action of
adrenaline on the glycogen synthetase system of heart, in contrast to skeletal muscle, is
to increase the proportion of this enzyme in the active form 1.2*-22.In order to check
up whether adrenergic alpha receptors might be involved in the action of physo-
stigmine in increasing the amount of glycogen in the heart atria, phenoxybenzamine
(5 mg/kg intraperitoneally) was used in a separate series of experiments. It was
found that this substance did not antagonize the effect of physostigmine, either. Thus,
in three animals treated with phenoxybenzamine only, the amount of glycogen in the
heart atria and in the heart apex were 288 + 4-3 mg%; and 196 L 4-3 mg%;, respect-
ively. These values were very close to those found in the control non-treated animals.
Physostigmine salicylate (100 ug/kg) was found to increase the amount of glycogen in
the heart atria and in the heart apex to 386 + 10-0 mg9% (three animals) and to
293 4- 8-8 mg 9% (three animals), respectively. In animals treated by both phenoxy-
benzamine and physostigmine, the amount of glycogen in the heart atria and in the
heart apex was 395 + 7-6 mg%, and 286 + 10-0 mg%;, respectively (three animals in
each group). There was no difference between these values and those obtained in
animals treated by physostigmine only.

The effect of atropine. Atropine (0-5 mg/kg intraperitoneally) was found to block
completely both the effect of physostigmine in increasing the amount of glycogen in
the heart atria, and the action of physostigmine in decreasing the amount of glycogen
in the adrenals. There was no statistically significant difference between the amount of
glycogen in the animals treated with both atropine and physostigmine, and the amount
of glycogen in the controls (Table 3).

TABLE 3. THE EFFECT OF ATROPINE (0-5 mg/kg INTRAPERITONEALLY) ON THE CHANGES IN THE GLYCOGEN
STORES IN THE HEART ATRIA AND IN THE ADRENALS PRODUCED BY INTRAVENOUS INJECTION OF PHYSO-
STIGMINE IN THE RAT

Glycogen
(mg %)
Treatment A. Heartatria B. Adrenals P
1. Controls 240 4- 52 373 4+ 87
@ 1C)]
2. Atropine sulphate (0-5 mg/kg) 243 + 60 373 4 47 2A:6A not significant
3 (3)
3. Physostigmine salicylate (50 ug/kg) 423+ 65 337 L 66 2B:6B not significant
6] @
4. Physostigmine salicylate (100 ug/kg) 390 + 73 297 + 60 2A:7A not significant
“@ @
5. Physostigmine salicylate (200 ug/kg) 342 - 51 238 + 69 2B:7B not significant
@ 4@
6. Atropine sulphate (0-5 mg/kg) -+ phy- 236 4+ 10-1 371 L 72 2A:8A not significant
sostigmine salicylate (50 ug/kg) 3) ()]
7. Atropine sulphate (0-5 mg/kg) -+ phy- 226 + 43 365 + 86 2B:8B not significant
sostigmine salicylate (100 p»g/kg) A3) 3)
8. Atropine sulphate (0-5 mg/kg) + phy- 232 +94 371 £ 116
sostigmine salicylate (200 pg/kg) 3) 3)

The numbers indicate the mean value 4- S.E.M.
The number of experiments is indicated in parenthesis.
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The effect of 6-hydroxy-dopamine. In order to check up the adrenergic nature of the
effect of physostigmine in the adrenals, a separate series of experiments was performed
in which the rats were previously treated by 6-hydroxy-dopamine (30 mg/kg intra-
venously). It has been already known that, depending on the dose, 6-hydroxy-
dopamine can produce either a slow developing block of the hypertensive effect of
physostigmine, or an immediate abolition of the physostigmine response.?3

In the present experiments 6-hydroxy-dopamine itself was found to produce an
increase in the amount of glycogen in the adrenals. In a group of five rats treated by
6-hydroxy-dopamine, the amount of glycogen in the adrenals was 450 + 6-8 mg%,. In
comparison with the untreated four controls (373 -+ 8:7 mg %) this value was signi-
ficantly higher (P < 0-001). In a group of five rats previously treated by 6-hydroxy-
dopamine and then by physostigmine (100 ug/kg) the amount of glycogen in the
adrenals was 431 4- 5-7 mg9%,. This value is hardly different from the “6-hydroxy-
dopamine controls” (P < 0-05), but it is highly significantly different from the value
(297 & 6-0 mg9,) obtained with the same dose of physostigmine in the untreated
rats (P < 0-001).

The effect of physostigmine in vitro. Physostigmine (5 pg/ml) did not affect the
amount of glycogen in the isolated adrenals in vitro. In this series of three experiments
both adrenals were incubated in Krebs-bicarbonate solution (pH 7-4) at 36-7°
for 10 min. The amount of glycogen in the control group of three experiments was
188 + 16-4 mg % In another group of three experiments, in which physostigmine was
added to the incubating medium, the amount of glycogen was almost the same as
in the control group—180 4+ 13-2 mg ;.

On the other hand, physostigmine (5 pg/ml) was found to produce and increase in
the amount of glycogen in the isolated heart atria and heart apex in vitro. In three
control experiments, in which both heart atria were incubated in the same manner as
in the previous experiments, the amount of glycogen was 130 4+ 8-1 mg9%. In the
presence of physostigmine (three experiments) the amount of glycogen was significantly
increased to 163 + 6:6 mg % (P < 0-02). Similar results were obtained with the isolated
heart apex. In three control experiments the amount of glycogen was 83 + 4-3 mg¥%,,
whereas in the presence of physostigmine (three experiments) it rose to 113 4 4-3
mg¥% (P < 0-005).

DISCUSSION

The results of the present experiments indicate that physostigmine affected the
glycogen stores in the heart and in the adrenals in quite opposite directions: it produced
an increase in the amount of glycogen both in the heart atria and in the heart apex, and
it caused a decrease in the amount of glycogen in the adrenals. All these effects were
found to be dose-dependent. The effect of physostigmine in increasing the amount of
glycogen in the heart apex and its glycogenolytic effect in the adrenals were directly
proportional to the doses used. On the other hand, the effect of physostigmine in
increasing the amount of glycogen in the heart atria was found to be inversely pro-
portional to the doses used, i.e. the small doses of physostigmine produced a large
increase in the amount of glycogen, whereas the large doses of physostigmine produced
a small but still significant increase in the amount of glycogen. All the above-mentioned
effects were obtained with the doses of physostigmine which have been known to
produce hypertensive response in the rat.!-6:1°

B.P. 20/6—L
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Neostigmine, in doses which were lethal for some animals, did not affect the amount
of glycogen in the adrenals. This finding is in agreement with our previous results in
which neostigmine did not change the glycogen stores in the liver,! diaphragm?® and
in the various parts of the central nervous system.? Contrary to these findings,
neostigmine was found in the present experiments to produce a dose-dependent
increase in the amount of glycogen in the heart atria. In contrast to physostigmine, the
effect of neostigmine was directly proportional to the doses used.

The different mechanisms participating in the effects of physostigmine on the
glycogen stores in the heart and in the adrenals can be seen from different responses to
propranolol and atropine. Atropine was found to block in an equally effective way
both the effect of physostigmine in increasing the amount of glycogen in the heart, and
its glycogenolytic effect in the adrenals. The effect of neostigmine in increasing the
amount of glycogen in the heart atria was also blocked by atropine. On the other hand,
propranolol blocked only the glycogenolytic effect of physostigmine in the adrenals,
but it did not affect the action of physostigmine in increasing the amount of glycogen
in the heart atria and heart apex. Phenoxybenzamine did not affect this action of
physostigmine, either. The glycogenolytic effect of physostigmine in the adrenals was
blocked by pretreatment with 6-hydroxy-dopamine.

Physostigmine has been already known to produce a general sympathetic activation
in the rat*~® which can produce either an increase in the blood pressure, or a glyco-
genolytic effect.!=3 An initial cholinergic process leading to the adrenergic activation
has been postulated.!! The results of the present experiments with the adrenals are in
agreement with those previously obtained with liver and diaphragm. Most probably, a
general sympathetic activation of the central origin participates in the glycogenolytic
effect of physostigmine in the adrenals. This is also supported by the finding that the
glycogenolytic effect of physostigmine in the adrenals was blocked in the animals
pretreated with 6-hydroxy-dopamine. Adrenergic mechanisms in the glycogenolysis
produced by physostigmine in the adrenals are mediated by beta-receptors. It has been
already known that glycogenolysis in liver and skeletal muscle produced by catechol-
amines or by higher activity of the sympathetic nervous system can be blocked by
adrenergic beta-blocking agents.12-14

The participation of cholinergic processes both in the effect of physostigmine in
increasing the amount of glycogen in the heart and in decreasing the amount of
glycogen in the adrenals is indicated by the blocking action of atropine in both cases.
The blocking action of atropine on the glycogenolysis in the adrenals induced by
physostigmine is presumably central, whereas its blocking action on the effect of
physostigmine in inducing an increase in the amount of glycogen in the heart is
probably peripheral. This is supported by the finding that both the effects of physostig-
mine and neostigmine in the heart are blocked by atropine, and also by the finding that
physostigmine affects the glycogen stores in the heart in vitro. Neostigmine as a quater-
nary substance does not penetrate the central nervous system and it probably acts only
peripherally.

The action of the parasympathetic system and of the cholinergic drugs on the
cardiac phosphorylase has not been studied extensively and it is not well understood.*?
Acetylcholine has been shown to diminish the glycogen content in the perfused heart's
and to depress the synthesis of cyclic AMP in the cell-free heart preparations.s In the
open-chest rat preparation injection of acetylcholine or electrical stimulation of the
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vagus nerve decreased heart phosphorylase a activity and antagonized phosphorylase
stimulation produced by the ganglion-stimulating agent McNeil-A-343.° The results
of our present experiments in which anticholinesterases were found to increase the
amount of glycogen in the heart atria both in vivo and in vitro can at least partly be
explained by a decrease in heart phosphorylase g activity. Meanwhile, it is possible—
but not proved by the present experiments—that the observed effect might be due to
induction of glycogen synthetase. Such an effect has been shown for insulin and gluco-
corticoids.!7-20

The question why physostigmine activated an adrenergic process in the adrenals, and
at the same time activated a cholinergic process in the heart, is not solved by the present
experiments. This may depend on the functional specificity of these two organs. More
research is necessary in order to clear the complexity of the glycogen metabolism in the
heart.
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