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Abstract—Groups of rats were treated with methamphetamine as follows: “acute™, single
intraperitoneal injection (5 mg/kg body wt): “chronic™, receiving the drug in the drinking
water in concentrations which increased from § mg/kg/24 hr initially to 40 mg/kg/24 hr after
3 weeks; “withdrawn”, treated identically to the chronic group but given drug-free water
for the final 24 hr before death. All groups, with controls, were injected with '*C glucose
at various times (3-15 min) before death by rapid freezing in liquid Na. Changes observed
in the brains of the acute group (increased levels of lactate, decreased levels of glycogen and
increased rates of labelling of the glveogen) disappeared on chronic treatment and were
reversed in the “withdrawn™ group. 1t is suggested that the evidence is in favour of habitua-
tion on chronic treatment of methamphetamine and that the effects of withdrawal, similar
as they were to those of a depressant drug. indicate that dependence has developed.

AMPHETAMINES were originally thought to give rise only to psychological depen-
dence, but it has subsequently been realized that there is no ready distinction
between physical and psychological dependence: part of the basis for amphetamine
dependence may be physical.! -

Biochemical studies on the effects of amphetamines have indicated interactions
mediated by catecholamine release and antagonized by adrenergic - and f-blocking
agents.” > One of the mechanisms by which the amphetamines act has been sug-
gested to involve interference with catecholamine re-uptake.®” Research on the
effects of the f-blocker, propranolol, on methamphetamine action in mouse brain.
has shown changes in levels of carbohydrate metabolites in the brain after acute
treatment with methamphetamine. Decreases in glycogen and creatine phosphate
were accompanied by increases in concentrations of glucose and of pyruvate; the rate
of labelling of cerebral glycogen from injected [ 1 *C]lglucose also increased.

This paper reports the effects of acute and chronic methamphetamine treatment,
and of its withdrawal from chronically-treated rats. on levels and rates of turnover
of selected intermediates of brain carbohydrate metabolism.

* Present address: Department of Civil Engineering, Imperial College, London.
+ Present address: Department of Biochemistry, Glasgow University.
1 Correspondence should be addressed 10 this author.
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MATERIALS AND METHODS

Treatment of animals

The experiments were performed on littermate Wistar rats of both sexes, 50100 g
body wt, and were treated as three main groups.

(1) “Acute”, receiving intraperitoneally 5 mg methamphetamine HCl/kg body wt,
made up as a solution (2 mg/ml) in 0:99; saline. They were killed by immersion in
liquid N, 60 min later. Controls for this group were injected intraperitoneally with
the equivalent volume of 0-9%] saline.

(2) “Chronic™, receiving methamphetamine in the drinking water in concentrations
calculated to give 5 mg/kg/24 hr initially. This was doubled every 5 days to a final
intake of 40 mg/kg/24 hr at the end of 3 weeks, when the rats were killed by rapid
freezing. Controls had normal tap water throughout.

(3) “Withdrawn”. This group was treated identically to the chronic group except
that they were given drug-free water for 24 hr before death by rapid freezing. The
control group was given tap water throughout.

All groups, treated and control, were given U-['*CT-p-glucose (10 xCi/100 g body
wt)intraperitoneally at various times (between 5 and 15 min, as noted) before death.

The cerebral cortex was removed from the frozen animals in a cryostat at —25,
and ground to a coarse powder in a mortar cooled in liquid N,. After weighing in
a metal scoop, they were dispersed by light hand-homogenization in glass pestle
homogenizers in 0-3 M perchloric acid (2 ml) at 0°. Each value is the mean of dupli-
cate tissue samples.

After centrifugation at 3000 rev/min for 30 min at 0%, the pellets were retained for
glyvcogen estimation and the supernatants were neutralized with 3 M-KHCO, at 0 .
centrifuged to remove precipitated KClO, and used for estimations of acid-soluble
metabolites.

Metabolite estimations

Glyeogen was partially purified by extracting the perchloric acid pellet into hot
water (1007 for 10 min). After cooling to 0" and centrifugation. the glycogen was esti-
mated cnzymically using amylo » 1. 4-x 1. 6 transglucosidase.”

Glucose, luctate and gluramate were estimated by methods described previously.

Specific activities of the metabolites were estimated as described previously.'”

}

Reagents

Methamphetamine-HC1 was purchased from Sigma {London} Chemical Co., Ltd.
All enzymes and coenzymes used in the estimations were supplied by Boehringer
Corp., London.

n-Glucose-'*C{U} (3 mCi/m-mole) was obtained from the Radiochemical Centre.
Amersham.

RESULTS
Effects of methamphetamine on metabolite concentrations. A single dose of metham-
phetamine (5 mg/kg) resulted 1 hr later in a decrease in glycogen of 18 per cent and
an increase in lactate of 13 per cent (Table 1). There was no significant change in
cerebral concentration of glucose or of glutamate. The changes in lactate and gly-
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Tasre I CHANGES IN CONCENTRATION OF CEREBRAL METABOLITES AFTER TREATMENT WITH METHAMPHETA-
MINE AS DESCRIBED IN METHODS

Change (as 9, of control value)

Control value (n = 24}

Metabolite {umole/g + S.D.) Acute Chronic Withdrawn
Glucose 1:58 + 034 107 (NS) 94 (NS} 119 (P < 0-025)
Lactate 193 + 228 L3 (P < 0:005) 101 {NS) 85 (P < 0-005)
Glutamate 11-88 + 201 103 (NS) 96 (NS) 96 (NS)

Glycogen 1-43 + 0-15 82 (P < 0-:0005) 102 (NS) 123 (P < 0-025)

cogen, though highly significant, were small in contrast to the effects on the rate of
labelling from [* *CJglucose, described below. These changes, observed in the “acute”
experiments, were not observed after chronic treatment when no significant differ-
ences could be observed. On the other hand, when the methamphetamine was with-
drawn from the chronically-treated animals, the changes observed were the complete
opposite of those noted after acute treatment: glycogen increased by 22 per cent and
lactate decreased by 15 per cent (Table 1). There was no change in glutamate and
a 19 per cent increase in glucose.

Incorporation of *C from glucose into cerebral metabolites. The most striking
results were in the rate of labelling of glvcogen (Fig. 1). Thus in the acute experiments
(Fig. la), methamphetamine treatment resulted in a significant increase in the rate
of incorporation of '*C into glycogen, significantly different (P < 0-005) at times
from 9 min on. At 9 min the specific activity of the brain glycogen was twice the con-
trol value and the total '*C present in the glycogen was 235 per cent of that in the
control animals. There was no effect on glycogen labelling after chronic treatment,
but on withdrawal, the rate of labelling of the glycogen was significantly decreased
(Fig. 1b). The specific activity of the glycogen at 9 min was 50 per cent of the control
value and the total '*C in the glycogen had decreased by 30 per cent. The specific
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FiG. 1. Incorporation of '*C from glucose into glycogen, in methamphetamine-treated rats: (@) control;
{O) treated: (a) "acute” experiments; (b} “withdrawal”. Each value is the mean of the results from at least
four rats. The vertical bars represent S.D.



1208 Do H. MaxNinG, RO H. CoStrane and H. S BACHYLARD

activity of cerebral lactate at 9 min after injection of ' *C glucose was not significantly
different after acute or chronic treatment. but was 27 per cent lower after withdrawal,
compared with control values. There was no effect on glutamate in any of the exper-
imental groups. Thus an opposite effect was also observed in the labelling of glycogen
between acute treatment and withdrawal, and the pattern of labelling of the metabo-
lites on withdrawal was again similar to that seen in the presence of a depressant
drug;a general decrease in the rate of labelling of metabolites (glycogen and lactate)
derived from glucose.

DISCUSSION

The results on tissue concentrations of glycogen, lactate and glutamate after the
acute treatment with methamphetamine are similar to those observed after similar
treatment with dl-amphetamine. The effects on brain glycogen are also in agreement
with the results reported by Estler and Ammon® and by Estler and Mitznegg” who
suggested that the increase in specific activity might be due to increased turnover
rates resulting from increased breakdown of glycogen by catecholamine activation
of phosphorylase. The doubling of the specific activity of the glycogen at 9 min in
the acute experiments of the present study was equivalent to an increase to 235 per
cent of the control value for the total '*C present in the glycogen, and the rate of
incorporation of '*C into glycogen was faster over the entire experimental period
after acute treatment with the drug. Calculations of approximate turnover rates, from
the rate of change of radioactivity in glycogen and lactate, indicated that the turnover
rate of the glycogen was only some 5 per cent of that of the lactate in both acute
and control groups and is a value similar to that previously found.!" In that case
the observed decrease in glycogen of 0-25umole/g would lead to an accumulation of
no more than 0-025 umoles of lactate, if as scems probable from our results, there
is no significant effect on metabolism of lactate through the tricarboxylic acid cycle
to glutamate, However the increase in lactate was 0-25 umole/g, and only 10 per cent
of this is likely to have been derived directly from glycogen. The increase in lactate
may therefore be due more to increased rates of glveolysis from glucose rather than
from glycogen alone. Amphetamines have been reported to inhibit, rather than acti-
vate, cercbral phosphorylase.!* The relatively small increase in blood glucose con-
centration after treatment with methamphetamine? is unlikely to cause in itself, pro-
nounced stimulation of glucose metabolism!? unless the drug exerts a direct effect
on glucose transport.

Chronic treatment and withdrawal, The disappearance of any stimulation of cere-
bral metabolism after chronic treatment by administering the amphetamine in the
drinking water could have resulted from lack of intake of the drug. to lack of its
penetration to the brain, or it could indicate habituation. It seems unlikely to have
been due to changes in breakdown or excretion of the drug.'* The water intake of
the chronically treated animals was only slightly (18 per cent) lower than of the con-
trols, so lack of intake of the drug can be eliminated. We believe that the animals
had become habituated to the drug, which receives support from the observed effects
of withdrawal. There were in direct contrast to the results from the acute exper-
tments. and were of a pattern more similar to those seen after treatment with depres-
sant drugs (e.g. barbiturates' "' ). The decrease in glycolytic rates is compatible with
the decreased respiration seen 1o occur on withdrawal of amphetamines.’® Although



Methamphetamine and brain carbohydrate metabolism 1209

rigorous behavioural tests were not performed in this study, the observed behaviour
of the animals seemed consistent with the metabolic results: the hyperactivity,
aggression and stereotypy of the acute group was not obvious after chronic treat-
ment: the withdrawn group were docile.

We conclude that these studies form a basis for developing animal models for
dependence on amphetamine since the stimulation effects on cerebral metabolism
after acute treatment disappear on chronic administration of the drug and are
reversed after its withdrawal.
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