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Abstract-Incubation of rat diaphragm muscle in the presence of lithium chloride (a drug used widely 
in the therapy of patients with mental illness), resulted in a sharp decrease in the level of glucose- 
1,6-diphosphate (Glc-1,6-P*), the powerful regulator of carbohydrate metabolism. This decrease in 
Glc-1,6-P*, the most potent activator of phosphofructokinase and phosphoglucomutase, was 
accompanied by a marked reduction in the activities of both enzymes, when assayed in the absence of 
exogenous Glc-1,6-P2 under conditions in which these enzymes are sensitive to regulation by endogenous 
Glc-1,6-P2. A decrease in Glc-1,6-P2 and the concomitant reduction in the activities of phosphofnicto- 
kinase and phosphoglucomutase, were also obtained in the rat gastrocnemius and tibialis anterior 
muscles, as well as in brain, following Li+ injection. In contrast to its effects in muscles and brain, Li+ 
did not exert any effect on Glc-1,6-P* level and on the enzymes’ activities in the liver. The marked 
inhibition of brain and muscles phosphofructokinase (the rate-limiting enzyme in glycolysis) induced 
by Li+, may play an important role in the mechanism of the therapeutic action of this agent in the 
manic state. 

Previous experiments from this laboratory have 
revealed that glucose-l ,6-diphosphate (Glc-1,6-Pz) 
plays a highly important role in the regulation of 
glycolysis and other pathways of glucose metabolism 
(for review, see ref. 1). Glc-1,6-P* was shown to be 
one of the strongest activators (deinhibitors) of 
phosphofructokinase (the rate-limiting enzyme of 
glycolysis) from many tissues [2-6]. Glc-1,6-Pz is also 
an activator of phosphoglucomutase [7], and we have 
found, that similarly to its deinhibitory action on 
phosphofructokinase, Glc-1,6-P2 releases phospho- 
glucomutase from inhibition by ATP or citrate [8]. 
Our experiments have revealed that the concentra- 
tion of Glc-1,6-P2 in muscle changes under many 
physiological and pathological conditions, leading to 
concomitant changes in the activities of phospho- 
fructokinase and of phosphoglucomutase, which are 
modulated by this regulator [l]. 

Recently it has been reported that injections of 
lithium, a drug used widely in the therapy of manic 
depression, induced a sharp decrease in Glc-1,6-P* 
level in brains of mice [9]. Many investigators have 
reported that Li+ exerts effects on glucose metab- 
olism in brain and certain other tissues. Lithium was 
shown to enhance glucose uptake in brain and muscle 
[lO-121 and to increase glycogen content in these 
tissues [ll, 13,141, whereas in liver it decreases the 
concentration of glycogen [14]. It was also reported 
that Li+ decreases lactate formation in muscle [ll], 
which may indirectly suggest that it inhibits muscle 
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glycolysis. It has been postulated that Li+ may affect 
glucose metabolism at several sites [15]. However, 
the mechanism of Lit action is still unknown. 

In an attempt to gain insight into the mechanism 
of Li+ action on glucose metabolism, we examined 
in the present experiments, whether Li+ exerts an 
effect on the activity of phosphofructokinase, the 
key enzyme of glycolysis. The experiments were 
conducted in vitro, in the isolated rat diaphragm, as 
well as in vivo, in gastrocnemius and tibialis anterior 
muscles, brains and livers of lithium-treated rats. 
We also examined the effect of Li+ on the activity 
of phosphoglucomutase and on the levels of Glc- 
1,6-P*, the most potent activator of both enzymes. 

MATERIALS AND METHODS 

Enzymes and chemicals were purchased from 
Sigma Chemical Co. (St. Louis, MO). LiCl was 
obtained from Merck (Darmstadt, F.D.R.). Glucose 
l-phosphate was essentially free of glucose-1,6- 
diphosphate. Imidazole was the low fluorescence 
grade. 

Male Charles River albino rats weighing 70-110 g 
fed ad lib. were used. For in vitro studies rats were 
anesthetized with sodium nembutal(60 mg/kg). Dia- 
phragms were quickly removed and prepared for 
incubation as described previously [16]. Hemidia- 
phragms were incubated for 90 min in the absence 
or presence of LiCl in Krebs-Ringer bicarbonate 
buffer gassed with 95% 0~5% CO2 at 37”. The 
concentration of glucose in the medium was 1 mg/ 
ml. 
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Table 1. The effect of LiCl on Glc-1,6-P* level in the isolated rat diaphragm 

Glc-1,6-Pr 
(pmoles/kg wet wt) % Effect P value 

Control 
Li+ 

6.75 + 0.30 (6) 
4.05 f 0.38 (6) -40 <0.00005 

Hemidiaphragms were incubated in the absence or presence of 250 PM LiCl for 
90 min. Glc-1 ,6-PZ was extracted and measured as described in Materials and 
Methods. 

Values are means 2 S.E.M. and number of experiments in parentheses. 

For in vivo experiments rats were injected with 
0.1 ml aqueous solution of LiCl at 7 mmoles/kg. Con- 
trol animals received 0.1 ml of H20. Three hours 
later the tissues were quickly removed and immedi- 
ately frozen between a pair of aluminium tongs pre- 
cooled in liquid N2. Livers were cut and rapidly 
rinsed in ice cold Krebs-Ringer bicarbonate buffer 
and then frozen. Frozen tissues were used for Glc- 
1,6-P* and enzyme extractions. 

Extraction and determination of Glc-1,6-P2. The 
frozen tissues were powdered in a mortar cooled in 
liquid Nr, and the powder (70-90 mg for muscles and 
liver and 50-70mg for brain) was placed on top of 
1 ml (for muscles and liver) or 2 ml (for brain) 5% 
perchloric acid containing 1 mM EDTA, and 
extracted at -10”. After centrifugation the extract 
was neutralized with KOH. The precipitated potas- 
sium perchlorate was removed by centrifugation and 
the clear supematant was used for determination of 
Glc-1,6-P*. Glc-1,6-P2 was estimated by measuring 
fluorometrically the appearance of NADPH upon 
addition of glucose-l-phosphate, phosphogluco- 
mutase, glucose-6-phosphate dehydrogenase and 
NADP+ [17]. 

Extraction and determination of enzymes. 
Phosphofructokinase and phosphoglucomutase were 
extracted and the regulatory and maximal activity 
of both enzymes were assayed as described pre- 
viously [X4-20]. Protein was measured by the method 

Fig. 1. The effect of different Li+ concentrations on Glc- 
1,6-P* levels in the isolated rat diaphragm. For each experi- 
ment hemidiaphragms from rats were incubated in the 
absence or presence of different concentrations of LiCl for 
90 min. Glc-l&-P2 was extracted and measured as described 

in Materials and Methods. 

of Lowry et al. [21] with crystalline bovine serum 
albumin as a standard. The principle of the assay of 
phosphofructokinase was similar to that of Mansour 
[22,23]. The enzyme was coupled with aldolase, 
triosephosphate isomerase, and cu-glycerophosphate 
dehydrogenase. The rate of NADH oxidation was 
determined in Zeiss spectrophotometer. One mUnit 
of phosphofructokinase activity catalysed the for- 
mation of 1 nmole of fructose-1,6-PI per min at 25”. 
In the assay of phosphoglucomutase the enzyme was 
coupled with glucosed-phosphate dehydrogenase. 
The rate of NADPH formation was measured in 
a Zeiss spectrophotometer. One mUnit of phospho- 
glucomutase activity catalysed the reduction of 
1 nmole of NADP+ per min at 25”. 

r 
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Fig. 2. The effect of Li+ on the regulatory and maximal 
activities of phosphofructokinase in the isolated rat dia- 
phragm. Pooled hemidiaphragms of two rats were incu- 
bated in the absence and presence of 250 PM Li+ for 90 min. 
Phosphofructokinase was extracted and assayed as 
described in Materials and Methods. Values are means 
2 S.E.M. for 5 experiments. *P < 0.0001; maximal activity: 

N.S. 
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Fig. 3. The influence of Li+ on the regulatory and maximal 
activities of phosphoglucomutase in the isolated rat dia- 
phragm. Hemidiaphragms were incubated as described in 
Fig. 2. Phosphoglucomutase was extracted and assayed as 
described in Materials and Methods. Values are means 
f S.E.M. for 6 experiments. *P < 0.005; maximal activity: 

N.S. 

RESULTS 

The results presented in Table 1 reveal that incu- 
bation of rat diaphragm muscles in the presence of 
Li+ resulted in a significant decrease in the concen- 
tration of Glc-1,6-P*. Figure 1 shows that 
thedecrease in Glc-1,6-P2 could be obtained with 
extremely low concentrations of Lif and was 
concentration-dependent. As Glc-1,6-P* is a most 
potent activator of phosphofructokinase, the rate- 
limiting enzyme in glycolysis, we examined the effect 

of Li+ on the activity of this enzyme in the isolated 
rat diaphragm. Figure 2 shows that concomitant to 
the decrease in Glc-1,6-Pz, lithium exerted a marked 
decrease in the regulatory activity of phosphofructo- 
kinase, causing no change in its maximal activity. 
The regulatory activity was measured at pH6.9 
under conditions in which the enzyme was subject 
to regulation by Glc-1,6-Pz and its other allosteric 
modulators [19,22-241. Maximal activity was meas- 
ured at pH 8.2, under optimal conditions, where the 
enzyme shows no regulatory (allosteric) properties 
[19,22-241. The maximal activity reflects the full 
catalytic potential of the enzyme and the fact that 
it was not affected by Li+ indicates that there was 
no decrease in the total protein content of the enzyme 
in the cell. The results presented in Fig. 3 show the 
effect of Li+ on phosphoglucomutase activity in the 
isolated rat diaphragm. Similarly to phosphofructo- 
kinase, Li+ induced a very significant decrease in the 
regulatory activity of this enzyme. Glc-1,6-P* was 
not added to the reaction mixtures of phospho- 
glucomutase and phosphofructokinase when assayed 
under regulatory conditions, therefore these 
enzymes were exposed only to regulation by 
endogenous Glc-1,6-P2. 

The maximal activity of phosphoglucomutase 
(measured under optimal conditions, in the presence 
of saturating concentrations of Glc-1,6-P*), was not 
changed by Li+. In the experiments presented in 
Table 2 and Figs. 4 and 5, we examined the effects 
of Li+ on Glc-1,6-P* level and on the activities of 
phosphofructokinase and phosphoglucomutase in 
intact rats, following a single Li+ injection. The 
effects of Li+ were tested in brains, livers and in two 
kinds of skeletal muscles: the gastrocnemius muscle, 
which represents a mixed muscle of white and red 
fibers and the tibialis anterior muscle, which is classi- 
fied as a white glycolytic muscle. The results in Table 
2 show a striking reduction in Glc-1,6-Pz level in 
both kinds of muscles, as well as in brains of rats 
following Li+ injection. The effect induced by Li+ 
in the tibialis anterior muscle was slightly more pro- 
nounced than that induced in the gastrocnemius 
muscle. In contrast to its effects in muscles and brain, 
Li+ did not affect Glc-1,6-P* concentrations in livers 
of these rats. The decrease in Glc-1,6-PZ level in 
brain and muscles induced by Li+, was accompanied 
by a marked decrease in the regulatory activities of 
phosphofructokinase (Fig. 4) and phosphogluco- 

Table 2. The effect of Li+ treatment on Glc-1,6-Pr levels in muscles, brains and livers 
of rats 

Glc-1,6-Pr (poles/kg wet wt) 
Tissue Control Li+ % Effect 

Tibialis anterior muscle 19.4 f 1.9 7.1 f 0.7 -63* 
Gastrocnemius muscle 12.9 f 0.7 6.2 * 0.4 -52* 
Brain 63.6 + 6.8 28.0 f 2.6 -56* 
Liver 8.8 + 0.9 9.0 + 0.6 N.S. 

Rats were treated with Li+ and Glc-1,6-P* was extracted and measured as described 
under Materials and Methods. 

Values are means * S.E.M. for 6-10 experiments. 
*P < 0.005; N.S. = not significant. 
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Fig. 4. The effect of Li’ treatment on the regulatory and maximal activities of phosphofructokinase 
from tibiahs anterior and gastrocnemius muscles, brains and livers of rats. Rats were treated with Li+ 
and phosphofructokinase was extracted and assayed as described in Materials and Methods. Values are 
means ? S.E.M. for 6-8 experiments. *P < 0.005 relative to control tissues; other changes not 

significant. 
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Fig. 5. The effect of Li+ treatment on the regulatory and maximal activities of phosphoglucomutase 
from tibialis anterior and gastrocnemius muscles, brains and livers of rats. Rats were treated with Li+ 
and phospholgucomutase was extracted and assayed as described in Materials and Methods. Values are 
means +- S.E.M. for 5-10 experiments. *P < 0.005 relative to control tissues; other changes not 

significant. 
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Fig. 6. The activatory effect of Glc-1,6-P* on phospho- 
fructokinase from brains of Li+-treated and untreated rats. 
Phosphofructokinase was prepared from brains of controls 
or Li+-treated rats and assayed under regulatory conditions 
(pH = 6.9) as described in Materials and Methods. Assays 
were carried out in the presence of variable Glc-1,6-P2 

concentrations. 

mutase (Fig. 5) which are regulated by Glc-1,6-Pz. 
The maximal activities of both enzymes were not 
affected by Li+, indicating that the reduction in the 
enzymes’ activities was due to regulation and not 
due to alterations in the total content of the enzymes 
in the cell. In liver, where Glc-1,6-P2 level was not 
affected by Li+, there was also no effect of Li+ on 
the activities of phosphofructokinase (Fig. 4) or 
phosphoglucomutase (Fig. 5). 

In the experiments demonstrated in Fig. 6 we 
examined the effect of Glc-1,6-P* on the activity on 
phosphofructokinase extracted from brains of Li+- 
treated or untreated control rats. It can be seen that 
the brain enzyme (assayed under regulatory condi- 
tions) was sensitive to activation by Glc-1,6-P2 at the 
physiological concentration range found in brain. 
The enzyme extracted from brains of Li+-treated 
animals was more sensitive to activation by Glc- 
1,6-P* as compared to untreated controls. By adding 
Glc-1,6-Pz to the assay mixture of phosphofructo- 
kinase extracted from brains of the Li+-treated rats 
the inhibitory effect of Li+ on phosphofructokinase 
activity was abolished. Table 3 shows that similarly 
to the findings in brain, when phosphofructokinase 
from tibialis anterior or gastrocnemius muscles was 
assayed in the presence of Glc-1,6-P2, the inhibitory 
effect of the Li+ was abolished. The enzyme 
extracted from muscles of the Li+-treated animals 
was more sensitive to activation by Glc-1,6-P* as 
compared to the enzyme from untreated controls. 
Phosphoglucomutase from the muscles and brain 
(Table 4) showed a similar behavior to that of 
phosphofructokinase (Table 3). 

Table 3. The activatory effect of Glc-1,6-PZ on phosphofructokinase from muscles of untreated (controls) 
and Li’-treated rats 

Additions 

Phosphofructokinase (mU/mg protein) 
Tibialis anterior muscle Gastrocnemius muscle 

Control Li+ Control Li+ 

None 
Glc-1,6-P2 (20 @vl) 
Effect of Glc-1,6-Pz (%) 

90.4 ? 11.7 56.0 5 6.7 45.2 2 2.4 25.2 + 1.3 
243.2 f 19.0 239.6 f 19.6 94.0 f 10.0 87.6 f 10.6 

+145* +345* +110* +251* 

Phosphofructokinase was prepared from muscles of controls or Li+-treated rats and assayed under 
regulatory conditions in the absence and presence of Glc-1,6-P2. 

Values are means + S.E.M. for 6 experiments. 
* P < 0.005. 

Table 4. The activatory effect of Glc-1,6-PZ on phosphoglucomutase from muscles and brains of untreated (controls) and 
Li+-treated rats 

Additions 

Phosphoglucomutase (mU/mg protein) 
Tibialis Gastrocnemius Brain 

Control Li+ Control Li+ Control Li+ 

None 152 ? 8 49 + 5 14025 79 2 5 32 f 1 18 -e 2 
Glc-1,6-P* (10 @I) 273 ? 14 356 2 23 438 f 49 559 f 39 91 f 5 82 f 6 
Effect of Glc-1,6-P* (%) +80* +620* +213* +609* +182* +345* 

Phosphoglucomutase was prepared from muscles and brains of controls and Li+-treated rats and measured under 
regulatory conditions in the absence and presence of Glc-1,6-P*. 

Values are means + S.E.M. for 5 experiments. 
* P c 0.005. 
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DISCUSSION 

The results presented here show that lithium exerts 
a marked inhibition of brain and muscle phospho- 
fructokinase, the rate-limiting enzyme in glycolysis. 
These findings suggest that Li+ causes a reduction 
in glycolysis, and thus may account for the reported 
decrease of lactate formation in muscle [ll]. 

The decrease in the regulatory activaties of 
phosphofructokinase and phosphoglucomutase 
induced by Lif , results most probably from the 
Li+-induced decrease in the level of Glc-1,6-Pr, the 
activator of both enzymes, for the following reasons: 
(a) Only the regulatory activity of these enzymes 
(which is sensitive to activation by Glc-1,6-P*) was 
reduced, with no change in their maximal activities. 
(b) When the activities of both enzymes were assayed 
in the presence of externally added Glc-1,6-P*, the 
effect of Li+ was abolished. (c) The enzymes from 
brain and muscles of the Li+-treated rats were more 
sensitive to activation by Glc-1,6-Pr as compared to 
untreated (control) animals, most probably as a 
result of the lower tissue content of Glc-1,6-P* in the 
Li+-treated animals. (d) Lithium exerted a reduction 
in phosphofructokinase and phosphoglucomutase 
activities only in those tissues where it also induced 
a decrease in Glc-1,6-P2, namely, in the different 
kinds of muscles and in brain. In liver, on the other 
hand, where Li+ did not affect Glc-1,6-P* level, it 
also did not affect these enzymes’ activities. (e) Our 
previous studies have revealed that many other con- 
ditions or treatments which affect Glc-1,6-P* con- 
centration, also lead to concomitant changes in the 
activities of phosphofructokinase and phospho- 
glucomutase, and it is unlikely to assume that such 
correlation may be incidental. For example, under 
all other conditions where we found a decrease in 
Glc-1,6-Pr, such as in muscular dystrophy [25,26], 
treatment with phospholipase A [20], Ca*+-ionop- 
hore A23187 [27], or local anesthetics [28], this 
decrease was accompanied by a concomitant reduc- 
tion in the activities of phosphofructokinase and 
phosphoglucomutase. And, vice versa, conditions 
which lead to an increase in Glc-1,6-P*, such as 
growth [19], epinephrine or dibutyryl cyclic AMP 
[18], result in an activation of phosphofructokinase 
[18,23] and phosphoglucomutase [l&19]. 

In the dystrophic muscle, where Glc-1,6-Pr is 
markedly reduced [25,26], we found that Li+ caused 
an additional decrease in the level of this regulator 
[29]. Based on the present findings which show that 
Li+ exerts a marked reduction in phosphofructo- 
kinase activity in muscle, we may assume that Li+ 
treatment of patients afflicted with muscular dystro- 
phy, may result in a more severe depression of the 
already depressed phosphofructokinase activity and 
glycolysis in the dystrophic muscle [25], and thus 
may aggravate the muscle damage in this disease. 

The markedly elevated urinary cyclic AMP levels 
in the manic state were reported to be decreased 
when normal behavior returns after Li+ therapy [30]. 
It has been reported by several investigators that Lif 
inhibits hormone-induced activation of adenyl 
cyclase in different tissues [30,31]. Previous studies 
from this laboratory [32] have revealed that dibutyryl 
cyclic AMP and dibutyryl cyclic GMP act in a 

“Yin-Yang” manner [33,34], exerting opposite 
effects on the levels of Glc-1,6-Pr and on the activity 
of phosphofructokinase in the diaphragm muscle: 
cyclic AMP increased, whereas cyclic GMP 
decreases these parameters. It is possible that the 
effects of Li+ shown in the present paper may be 
related to changes in the cyclic nucleotides ratio. It 
should be pointed out that Li+ exerts opposite effects 
on glucose metabolism to those exerted by epine- 
phrine or cyclic AMP. Epinephrine, or cyclic AMP, 
which decrease glycogen content and increase lactate 
formation in muscle [35], were shown to increase 
Glc-1,6-Pr level [18] and to activate phosphogluco- 
mutase [18] and phosphofructokinase [18,23]. On 
the other hand, we show here that Lit, which was 
reported to increase glycogen content and decrease 
lactate formation [ll], causes a reduction in the 
concentration of Glc-1,6-Pz and in the activities of 
phosphoglucomutase and phosphofructokinase in 
muscles and brain. It is possible that the reduction 
in phosphofructokinase and thus in glycolysis 
induced by lithium, may play an important role in 
the mechanism of the therapeutic action of this agent 
in the manic state. 
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