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Abstract-The effects of lithium ions on glucose metabolism and the tissue content of monovalent 
cations were studied in rat hemidiaphragms incubated in vitro. The entrance of lithium ions into 
the cell was associated with an increase in the rate of glucose utilization and glycogen synthesis. 
As lithium was taken up by the tissue, there was a concomitant loss of potassium. The loss of 
potassium could not account for the stimulation of glucose metabolism produced by lithium and 
it was concluded that lithium ions per se increased glucose uptake and particularly glycogen synthesis. 
Preincubation of hemidiaphragms in media containing different concentrations of lithium ions resulted 
in an increase in the rate of glycogen synthesis during a subsequent incubation in the.absence of 
lithium. The stimulation of glycogen formation was directly related to the tissue content of lithium. 
Lithium ions did not significantly alter the cyclic AMP content of the tissues under conditions 
at which the rate of glucose metabolism was markedly enhanced. 

As a consequence of the effectiveness of lithium salts 
in the treatment of affective disorders [l-4] consider- 
able interest has developed in the pharmacological 
actions of this cation. Although lithium has been 
known to have effects similar to those of sodium 
in several biological systems, its charge-to-radius ratio 
tends to ally it to the larger alkaline earth metals, 
particularly magnesium. It is not surprising then that 
lithium ions have been shown to affect several enzyme 
systems that require calcium or magnesium ions for 
activity. For example, Lit has been demonstrated 
to inhibit hormone-induced activation of adenylate 
cyclase in several tissues without lowering basal acti- 
vity of the enzyme [S-9]. Such an action of lithium 
ions may be the result of a competition with magne- 
sium ions, as Wang et al. [9] showed that the inhibi- 
tory effect of Li+ on prostaglandin El-stimulated 
adenylate cyclase activity can be overcome by raising 
the magnesium concentration in the reaction medium. 

The activity of the enzyme system involved in 
sodium transport, i.e. the Na.K-stimulated ATPase, 
has been shown to be affected by Li+. While this 
ion substituted poorly, if at all, for the sodium ion 
in promoting phosphorylation of the enzyme [lo, 111, 
it is capable of stimulating the dephosphorylation 
step of the reaction in a manner similar to that of 
potassium ions. However, it is less effective than K+ 
in this regard [ 11. 121. 

Studies with intact animals [ 131 and isolated muscle 
preparations [14-161 have shown that lithium ions 
have marked effects on carbohydrate metabolism. 
Recent studies from this laboratory have shown that. 
in the isolated rat diaphragm, lithium increases glu- 
cose utilization and glycogen synthesis in a manner 
that is additive to that of insulin [17]. The present 
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study is concerned with the mechanism of action of 
lithium in stimulating carbohydrate metabolism, with 
particular emphasis on the correlation between 
changes in tissue electrolytes and alterations in glu- 
cose utilization and glycogen synthesis. 

METHODS 

Male Wistar strain rats weighing between 125 and 
150 g were used. The animals were fasted overnight 
and killed by decapitation. Hemidiaphragms were 
blotted lightly on filter paper and weighed on a tor- 
sion balance. 

Incubation. In experiments reported in Tables 1-3, 
tissues were incubated at 37” in Erlenmeyer flasks 
with 2ml of solutions containing 0040M HEPES 
(N-2-hydroxy-ethyl piperazine-N-2-ethane sulfonic 
acid) adjusted to pH 7.2 with NaOH, 0.005 M MgCl, 
and KCl, NaCl or LiCl as indicated to give a total 
concentration of OllOM. Glucose or U-14C-glucose 
(ca 40.000 c.p.m.) was present at 0.006M. 

In another set of experiments, hemidiaphragms 
were preincubated for 30min at 37” in the presence 
of 0, 2.5, 7.5 and 25 mM LiCl. The media contained 
0.040 M HEPES, 0005 M MgCl,, 0.010 M KC1 and 
NaCl to give a total concentration of monovalent 
cation chlorides of 0.113 M. The tissues were rinsed 
briefly in saline and incubated for 5 min in a medium 
containing HEPES, MgClz and KC1 as above, 
0.107M NaCl and 12mM U-14C-glucose (ca 80,000 
c.p.m.). After three rinsings in saline (5 set each), the 
tissues were digested in 30% KOH for determination 
of radioactive glycogen, as described below. In paral- 
lel experiments, the tissue lithium content was deter- 
mined at the end of the 5-min incubation. The condi- 
tions were identical to those above, except that the 
medium for the 5-min incubation contained nonra- 
dioactive glucose and the final rinsings were in 0.28 M 
sucrose. 
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(~Y~.sL~ zrtilirutiot~ md yl~~~y~w .s~xt/t~~.si,s. The in- 
itial and final glucose concentrations in the incuba- 
tion media were determined by the glucose oxidase 
method after deproteinization with ZnSO, and 
Ba(OH)2. Incorporation of 14C from U-‘5C-glucosc 
was determined by the method of Thomas c’t (I/. [IX] 
as described previously [ 171. 

C~c/ic .&VP trrml\ais. The diaphragms were frozen 
by immersion in liquid nitrogen. Adenosine Y.5’. 
monophosphate (cyclic AMP) in diaphragms was 
extracted by powdering the frozen tissue in a mortar 
cooled in liquid nitrogen containing 3 ml trichloro- 
acetic acid per 100 mg wet weight of tissue. The frozen 
tissue TCA powder was transferred into a centrifuge 
tube. liquified by immersion in a boiling water bath 
for 10 see, and then sonicated twice for 15 sec. The 
mixture was centrifuged at 3 and an aliquot of the 
clear supernatant solution was removed and trans- 
ferred into a 40-ml glass-stoppered centrifuge tube. 
If lithium was to be analyzed. suitable dilutions were 
madc from this solution. The TCA was extracted with 
ether and the ether removed by bubbling nitrogen 
through the sample. An aliquot was analyzed for cyc- 
lic AMP by the protein-binding method of Gil- 
man [l9]. 

Elr~,trol~~ d~,~trl.r,lir~cctior~.s. To measure total tissue 
content of sodium. potassium and lithium. the follow- 
ing procedure was adopted: the diaphragm. after 
removal from the incubation vial, was rinsed three 
times with 0.28 M sucrose. blotted on filter paper. 
and homogenized in 20 vol. of @625 N perchloric 
acid. The homogenate was centrifuged for I5 min at 
3 and an aliquot of the supernatant fluid was 
removed for electrolyte determinations. The cation 
concentrations in suitably diluted samples were mea- 
sured by atomic absorption spectrophotometry. Con- 
centrations of sodium, potassium and lithium in the 
incubation media were also determined. 

RESC:LTS 

Previous studies of the action of lithium ions on 
carbohydrate metabolism in isolated diaphragm have 
suggested that it is necessary for lithium to be taken 
up by the tissue in order to exert its metabolic 
effect [i6]. It is, therefore. of interest to correlate 
metabolic measurements with determinations of lith- 
ium content in diaphragm incubated in vitro. As lith- 
ium has been shown to exchange with sodium and 
potassium in tissue [20], it is also of importance to 
measure alterations in concentrations of these ions 
under our experimental conditions. In parallel exper- 
iments, we have studied the effect of lithium on glu- 
cose metabolism and electrolyte changes under differ- 
ent experimental conditions. 

Efict 41’ lithim ott glucose mrtuholistn and tisstrc 

~dwrolps. Hemidiaphragms were incubated for 30 
or 60min in the presence and absence of 1OmM 
KC1 and glucose uptake and incorporation of glucose 
into glycogen determined (Table 1). Statistical evalua- 
tions of these data are reported in Table 2. 

In the control medium in which the only added 
monovalent ion was sodium, there was a high rate 
of glucose utilization and glycogen synthesis. Under 
these conditions, the activity of the sodium pump 
would be expected to be low. The inclusion of 10 mM 
potassium in the medium, to stimulate the sodium 

pump, had only a small effect on glucose metabolism, 
although there was a tendency for potassium ions 
to decrease glucose uptake and glycogen synthesis. 
This action of potassium was statistically significant 
in the case of glycogen synthesis after 60 min of incu- 
bation (Table 2A). 

Lithium at 25 mM clearly stimulated glucose 
uptake after 60min of incubation. Significant in- 
creases in the incorporation of glucose into glycogen 
in the presence of lithium were observed after both 
30 and 60min of incubation. The stimulation of glu- 
case uptake by lithium ions tended to be lower when 
potassium ions were present in the medium, although 
this effect of potassium was not significant. The effect 
of lithium on glycogen synthesis was not affected by 
IO mM KC1 (Table 2B). 

Changes in tissue concentrations of monovalent 
cations during incubation under the same experimen- 
tal conditions used for the experiments in Table I 
are recorded in Table 3. 

In an all-sodium medium, where the sodium pump 
is operating at a low rate, the tissues lost potassium 
and gained sodium ions. However. when 10 mM KC1 

Table 2. Significance of the effects of potassium and lith- 
ium on glucose uptake and glycogen synthesis 
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Table 3. Changes in tissue concentrations of monovalent cations during incubation of rat diaphragm in tlitro in 
the presence and absence of lithium* 

Channes in monovalent 
cationst 

Incubation (pmoles/g wet wt, Total monovalent GIUCOSC GlUCWgClI 
cations uptake: aynfhesw: 

Medium (min) N ANa AK ALI AlNa + LII (@moles/g wet ~‘1) (” of control) n (I’,, 01 Colltrol) 

125 mM Na 
I25 mM Na 
115 mM Na 

+lOmM K 
115 mM Na 

+lOmM K 
100 mM Na 

+25 mM Li 
IW mM Na 

+25 mM LI 
90 mM Na 

+ IO mM K 
+25 mM LI 

90 mM Na 
tlOmM K 
t 25 mM Li 

30 
60 
30 

60 

30 

60 

30 

60 

3 + 32 * 7.5 -26 k 5-2 I44 * 4x IO0 100 
4 +47 * 3.2 -44k?l 144+ 34 IO0 IIHI 
x f?l * I-X -23 + I8 139 + 22 100 40 _ 

5 + 22 * 4-J 2X k 2-h 136 ?r 3-2 XY 73 

5 +13* 19 -38*26 f26 f 0.5 +39 * 2.0 140+ 32 I25 156 

9 +?I & 2.4 - 55 t 3.2 t 34 i I.0 c55 f 2.6 I39 + 2-3 IS? 165 

II +3+1.4 -72 + I.7 _ + 20 * o-9 +?3 * l-7 138 k 1.6 IOX 143 

1 + 5 * 2-3 -2x f 2.9 t24iO.h +29 * 24 135 +4-l I20 I50 

* Conditions of incubations were identical to those of experiments reported in Table 1. 
t For calculating the changes in tissue Na and tissue K. the following initial values were measured: Na. 43 f 0.7 

nmoles/g (N = 8); K, 91 + ?6pmoles/g (N = 8). 
3 Values were calculated from results presented in Table 1. 

was present in the medium, the net exchange of tissue 
potassium for external sodium was much less exten- 
sive, especially at 60min, reflecting a stimulation of 
the sodium pump by the extracellular potassium. 
When 25 mM LiCl was substituted for the equivalent 
amount of NaCl, there was an accumulation of Li 
in the tissue; in this instance, the rise in sodium 
was smaller than that observed in the absence of 
lithium ions in the medium. The loss of tissue potas- 
sium was identical, within experimental error, to the 
increase in sodium plus lithium ions. In a medium 
containing both Li+ and K’. the increase in tissue 
sodium was much smaller than in the absence of 
extracellular potassium. The tissues accumulated lith- 
ium and lost potassium ions. As seen in the absence 
of added KCl, the tissue gain in sodium plus lithium 
was identical to the loss of potassium. In the presence 
of 1OmM KC1 in the incubation medium, the ac- 
cumulation of lithium ions was significantly less, at 
both 30 and 60min (P < @OOl), than the increase 
in lithium measured in the absence of external potas- 
sium. 

In the last column of Table 3, the relative rates 
of glucose uptake and glycogen synthesis (obtained 
from Table 1) are recorded. The correlation between 
the uptake of lithium ions by the diaphragm and 
the stimulation of glucose utilization and glycogen 
synthesis is immediately apparent. The entrance of 
lithium into the tissue is associated with a loss of 
potassium, but the changes in tissue potassium do 
not appear to be related to the metabolic effects of 
lithium. For example. in the sodium medium contain- 
ing 1OmM KCl, the loss of potassium is exactly the 
same after 60min as in the medium containing both 
10 mM KC1 and 25 mM LiCl, but the rates of glucose 
utilization and glycogen synthesis are much higher 
in the latter case. 

Correlation between tissue content of lithium and 
the rate ofglycogen synthesis. Preliminary experiments 
were carried out to determine the rate of uptake of 
lithium ions by the diaphragm at 37”. The results 
showed that there was a very rapid uptake of lithium 
during the first 5min undoubtedly due to filling up 

of the interstitial space. This was followed by a slower 
rate of net uptake over the next hr. At 30min, the 
amount of lithium that had entered the tissue was 
more than 80 per cent of the value at 60 min (Table 
3). In several experiments, the rate of uptake of lith- 
ium by diaphragms incubated in Krebs-Ringer bicar- 
bonate medium was measured: the results obtained 
were essentially the same as in diaphragms incubated 
in HEPES buffer containing potassium. 

For the subsequent experiments, a preincubation 
of 30min was selected. At the end of this period, 
the hemidiaphragms were rinsed and transferred to 
a medium containing 12 mM U-i4C-glucose but no 
LiCl. Incorporation of isotope into glycogen was 
determined after a 5-min incubation and, in parallel 
experiments, tissue lithium content was measured. 
The experimental details are described in Methods 
and the results of the experiment are presented in 
Fig. 1. 

There is a steady increase in the rate of glycogen 
synthesis with the rise in the level of tissue lithium. 
It is important to note that a relatively small amount 
of lithium caused a large increase in the rate of gly- 
cogen formation. At 1 pmole/g of tissue lithium. the 
rate of glycogen synthesis is increased about 65 per 
cent. Significant metabolic effects of lithium can prob- 
ably be demonstrated at even lower tissue con- 
centrations of this ion. 

In the experiments shown in Fig. 1, we determined 
the concentration of lithium in the medium at the 
end of the S-min incubation. This represents the ion 
that has been lost by the tissue. In diaphragms prein- 
cubated for 30min with 25 mM LiCl, the lithium 
concentrations in the medium (Zml) varied between 
0.4 and 0.5mM. Experiments were then done to 
determine whether a concentration of 0.5 mM LiCl 
in the medium would influence the rate of glycogen 
synthesis during a 5-min incubation as in Fig. 1; 
this was found not to be the case. In six paired exper- 
iments, the rate in the absence of added LiCl was 
0.29 &- 0.03 pmoles/g/5 min; with 0.5 mM LiCl, the 
rate was 0.29 + 002. 

Possible role of cyclic AMP in the metabolic eficts 
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Fig. I. Relation of rate of glycogen synthesis to lithium 
present in tissue. Diaphragms were preincubated at 37’. 
for 30 min in media containing different concentrations 
of LiCl (gas phase. 100”; oxygen). The tissues were then 
incubated for 5 min at 37’ in the presence of U-“C-glucose 
in an Li-free medium and the incorporation of radioactive 
glucose into glycogen was determined. The tissue content 
of Li was measured in parallel experiments at the end 
of the 5-min incubation. The medium concentrations and 
final tissue contents of Li (in parentheses) were as follows: 
2.5 mM (0.97 + 0.07 pmole/g). 7.5 mM (3.79 k 0.30 pmole/ 
g). 25 mM (11.09 + 0.28 pmole/g) (N = 5--8). For details 

of experiment. see Methods. 

oj” lithiurrl ions. Lithium ions have been reported to 
increase the ratio of the I-form to the D-form of 
glycogen synthase in diaphragm [ 17.213. Since the 
I-form of the enzyme is converted to the D-form 
by a protein kinase dependent for activity on cyclic 
AMP [22]. it was of interest to determine whether 
the stimulation of glycogen synthesis by lithium ions 
was related to a decrease in the concentration of 
cyclic AMP in the cell. We. therefore, measured the 
tissue content of this nucleotide in diaphragms which 
had been treated exactly like those used for the exper- 
iments reported in Fig. 1. This consisted of preincuba- 
tion for 30 min in the presence and absence of 25 mM 
LiCl followed by a 5-min incubation in a medium 
not containing LiCl. In ten paired experiments, the 
tissue cyclic AMP content was 0.67 + 0.10 nmole/g 
in tissues not exposed to lithium and 0.57 _t 0.06 
nmole/g in tissues preincubated in the medium con- 
taining 25 mM LiCI. The lithium ion had no signifi- 
cant effect on the cyclic AMP content of the dia- 
phragm under conditions at which glycogen synthesis 
was markedly stimulated. 

DISCUSSION 

The most significant finding in this report is that 
lithium ions exert their effects on glucose metabolism 
in muscle after being taken up by the cell. In the 
experiments in which diaphragms were incubated 
with 25 mM LiCl (Table 3). the total tissue lithium 
content reached values that indicated that a large 
increase in the intracellular concentration of lithium 
must have occurred. Using values for total H,O of 
0,80ml/g and extracellular H,O of cut diaphragm 
of 0.21 ml/g [23] we have made the following calcula- 

tion. In diaphragms incubated in a medium contain- 
ing 15 mM LiCI, the lithium in the cxtracellular 
volume would be 5.3 Ltmo1es.g. It is clear that in 
diaphragms incubated for 3Omin or longer the total 
tissue lithium far exceeds this value. indicating that 
the lithium ion is present intracellularlv. In fact, it 

can be calculated that under all conditions of the 
experiments reported in Table 3. the concentration 
of lithium in the intracellular water exceeds that in 
the extracellular phase. In the absence of added exter- 
nal potassium. the lithium concentration in the cellu- 
lar water after 60min of incubation reaches a calcu- 
lated value of -19 mM. which is more than double 
the concentration in the medium. Tho accumulation 

of lithium ions observed here is in agreement with 
results with other tissues, demonstrating that lithium 
ions can be transported into the cell [24]. It is gener- 
ally accepted that this process involves interaction 
of Li+ with the potassium site of the Na.K-stimulated 
membranal ATPase [24,X]. 

As lithium enters the cell. the net exchange is prr- 
dominantly with potassium. It is also apparent that 
lithium ions do not inhibit the sodium pump in the 
incubated diaphragms. The loss of cellular potassium 
when the pump was operating. due to the presence 
of external potassium ions. was the same in the 
absence and presence of LiCl in the medium (Table 
3). Furthermore. there was only a very small gain 
in tissue sodium when both K’ and Li’ were present 
extracellularly. These findings are consistent with the 
observations of Tobin it trl. [ 1 l] that the lithium ion 
does not inhibit and may actually increase the activity 
of a transport ATPase preparation from brain in the 
presence of both sodium and potassium ions. Bak- 
er [26] also found that lithium ions did not inhibit 
inorganic phosphate production in spider crab nerve 
when both sodium and lithium ions \vrre present 
in equimolar concentrations. 

In the experiments reported in Tables 1 and 3. 
LiCl was substituted for NaCl so that when LiCl 
was added. the sodium concentration in the incuba- 
tion medium was decreased. However. changes in 
external sodium ions of the magnitude used here do 
not significantly affect glucose metabolism in the dia- 
phragm. In previous studies [I61 we measursd the 
rate of glucose uptake in diaphragms incubated in 
media containing different ratios of sodium to potas- 
sium in the incubation medium. There were no signifi- 
cant changes in glucose uptake in these experiments. 
except that glucose uptake was higher in a medium 
devoid of potassium. 

The mechanism by which intracellular lithium ions 
stimulate glucose metabolism is unknown. It appears 
to be the presence of the ion itself in the cell that 
is responsible for the metabolic alterations observed. 
Neither the loss of intracellular potassium nor the 
changes in tissue sodium can account for the enhance- 
ment of glucose utilization and glycogen synthesis 
caused by lithium. In the experiments in which hemi- 
diaphragms were incubated in the presence of 10 mM 
KCl. there was the same loss of tissue potassium 
in the presence as in the absence of lithium ions, 
both after 30 and 60min of incubation. Yet. glucose 
metabolism was stimulated only in the tissues incu- 
bated with LiCl (Table 3). In a similar manner. the 
changes in tissue sodium show no precise correlation 
with the metabolic changes observed. Increases in 
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the tissue content of either sodium or lithium are 
associated with an enhancement of glucose metabo- 
lism. However, in the presence of the lithium ion, 
the net gain in tissue sodium is decreased, despite 
the fact that it is under these conditions that the 
greatest stimulation of glucose metabolism is 
observed. In this connection it should be noted that 
large changes in glucose metabolism can be produced 
by lithium ions under conditions at which the gain 
in tissue sodium is minimal (Table 3). 

Our results give no support for the view that 
changes in tissue concentrations of cyclic AMP 
mediate the effects of lithium ions on glucose uptake 
and glycogen synthesis. However, it is conceivable 
that concentrations of cyclic AMP at particular sites 
in the cell could change in the presence of lithium, 
without a measurable alteration in the total tissue 
content of this nucleotide. 

It is most likely that lithium influences glucose 
metabolism at several different sites. Lithium ions 
have been shown. for example. to increase the rate 
of transport of 3-O-methylglucose into muscle [27]. 
It can also increase the conversion of the D-form 
of glycogen synthase to the I-form of the enzy- 
me [17,21]. and has been observed to decrease the 
cellular concentration of glucose 6-phosphate [ 171. 
The effects of lithium ions on other enzymes involved 
in glucose metabolism, particularly those catalyzing 
the steps in the pathway glucose to glycogen. need 
to be investigated. 

Studies of the action of lithium ions on muscle 
metabolism may be of help for our understanding 
of the role that the sodium ion plays in the regulation 
of carbohydrate metabolism in this tissue. The results 
of Bihler and Sawh [28] are particularly important 
in this connection. These authors demonstrated that 
the rate of penetration of 3-0-methylglucose into the 
intact diaphragm preparation was markedly stimu- 
lated in a potassium-free medium. The rate of trans- 
port of this sugar became progressively elevated in 
experiments in which the tissues were preincubated 
in the absence of potassium for increasing periods 
of time. There was an excellent correlation between 
the rise in the rate of sugar transport and the increase 
in the cellular content of sodium and the concomitant 
loss of potassium. Our own experiments also indicate 
that the rate of carbohydrate metabolism is elevated 
in muscle under conditions at which the sodium 
pump is inhibited and the tissues gain sodium. In 
an all-sodium medium, the rates of glucose uptake 
and glycogen synthesis tended to be higher than when 
1OmM KC1 was also present (Tables 1 and 2A). The 
decrease in the rate of glycogen synthesis seen after 
addition of KC1 to the medium was statistically sig- 
nificant after 60 min of incubation. In this tissue, then, 
sodium and lithium ions have similar effects on glu- 

case metabolism, but lithium is much more potent 
than sodium in this regard. 
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