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the effect of lithium on the central nervous system. A certain apathy and slowness 
of reaction have been frequent symptoms in the experimental animals, but 
evidence is lacking to indicate whether this is a reault of the general intoxication 
or due to a more direct action on the brain. Application of lithium chloride 
directly on the spinal cord of the toad reaulted in paralysis of the muscles (230). 
This led Kotzoglu (165) to administer solutions of lithium or magnesium salts 
or mixtures of these to dogs and humans by the rectal route; in several cases 
universal analgesia was obtained, but the author considered the procedure too 
dangerous for practical use. 

In contmt  to these findings are the observations by Moracci (234), who 
applied various salts to the exposed motor area of the dog cortex. While sodium 
and potassium salts were without noticeable effect, the application of lithium 
salts resulted in tonic and clonic seirmres localized to the corresponding muscles, 
but with a tendency to become generalized. Davenport (53) demonstrated that 
rats treated with intraperitoneal injections of lithium chloride had lower seiaure 
thresholds to electrical stimulation than the control animals. 

Heart and circulation. Toxic symptoms from these systems are usually not 
prominent in spite of early observations of cardiac arfest after intravenous in- 
jection of lithium chloride into froge, pigeons, and rabbits (129, 142, 293) and 
of "cardiac depression, and even dilatation, as the result of the excessive and 
continued consumption of lithia-tablets" (206). Later experience with lithium 
administration to animals and man has been less drastic, although there is ample 
evidence of an effect on the heart even when lithium is given in comparatively 
amall doses. 

A decrease of the heart rate has been observed in experimental animals (129, 
142, 166, 268, 293) and in a lithium-poisoned cardiac patient (306). Leusen and 
Demeester (181) were able to raise the arterial blood pressure in animals by 
intracisternal injection of lithium chloride. On the other hand, lithium adminis- 
tration caused a lowered blood pressure in some of the cases described by Cor- 
coran and associatea (47) and Glesinger (95). Schou and associates (291) were 
unable to find blood pressure changes during lithium treatment of psychotic 
patients. 

The moat regular sign of a toxic effect on the heart consists in changes in the 
electrocardiogram (ECG). Schou and associates (291) observed during treatment 
of psychotic patients with moderate doses of lithium (25-50 mequiv. per day) 
that after one to two weeks about one fifth of the patients had ECG chsnges: 
flattening or isoelectricity and in a few cases invemion of the T waves. The 
changes were in all cases reversible and disappeared a few weeks after the lithium 
medication was stopped. In none of theae cases waa the serum potaseium concen- 
tration outside the normal range. Experiments on animals have shown similar 
(and oppoeite) changee of the T waves in addition to numerous other anomalies 
of the ECG. McKusick (218) administered lithium chloride intravenously or 
intraperitoneally to dogs, cats, rabbits, and guinea-pigs and found a consistent 
series of ECG events: amplification of the T waves, auricular standstill or fibril- 
lation, widening of the QRS complex, and appearance of bizarre, biphasic QRS-T 
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complexes. The author points out that the hyperlithemia was accompanied by 
a progressive increase in serum potassium and is inclined to consider this the 
cause of the ECG changes. 

Similar ECG changes were found by Radomski and associatea (257) after 
oral administration of lithium to dogs. The changes became marked in the termi- 
nal etsges of intoxication and included T wave inversion and an increaae of T 
wave amplitude, widening of the QRS complex, depression of the S-T segment, 
a-v block, and disappearance of the P waves. These authors, too, ascribed the 
changea solely to the accompanying rise of serum potassium. Roberts and Magida 
(272) injected lithium chloride intravenously into dogs and noted tachycardia, 
increme of T wave amplitude, obliteration of the S-T segment, and fmally brady- 
cardia with disappearance of P waves, development of nodal rhythm, and ventric- 
ular complexes. Some of the ECG changes could be seen before the serum potas- 
sium concentration wss messurably increased. 

In the isolated heart considerably higher lithium concentrations are required 
to provoke ECG changes. Butcher and associates (33) recorded aimultsneouely 
from the cavity and the epicardium of the isolated perfused heart of the dog and 
the turtle before and after alteration of the cation concentration in the perfusate. 
A high concentration of lithium (more than 50 mequiv.11) led to a decreased 
heart rate, a prolohged 5-T interval, and a d e c r e d  voltage of the QRS complex. 
Stein and sssociates (303), in experiments with isolated frog hesrte, found aim- 
ilarly that if lithium chloride was added to the Ringer solution, ECG changes 
could be observed only when the -lithium concentration exceeded about 50 

.mequiv. per liter; however, in sodium-poor solutions ECG changes were produced 
by as little as 30 mequiv. lithium per 1 perfmate. , 

I t  may be concluded that the lithium ion appears to exert a specific influence 
on the heart, which may manifest itself in ECG changes even when lithium is 
administered in moderate doses. In graver cases of intoxication a rise of the 
sertun potassium concentration, possibly due to renal failure, may complicate 
the picture, and in acute animal experiments the cause of death often appears 
to be cardiac arreat. It should be noted, however, that in the caaea of fatal 
lithium intoxication observed in man, cardiac symptoms have not been con- 
spicuous. 

Blood and blood-forming organa. Riesetto and Gazzano (269) investigated the 
cytology of the peripheral blood d t e r  intramuscular injection of lithium salts 
into guinea-pigs. The administration of 15 mequiv. lithium per kg per day for 
two days led to a small rise of the red blood cell count and a moderate increaae 
of the white blood cell count with granulocytosis. When the animala had received 
6 mequiv. lithium per kg per day for 20 days, the number of red blood cells and 
the hemoglobin content were decreased by about 10-20 %, and the white blood 
cell count was moderately increased with lymphocytoeis. Radomski and asso- 
ciatea (257) noted a gradually developing lymphocytopenia in dogs treated for 
a long time with somewhat high lithium doses. 

During lithium treatment of manic patients Bille and Plum (19) found in 
three caaea indication of toxic changes of the bone marrow, whereas Schou and 
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Kissmeyer-Nielsen (292), who studied 12 patients under lithium treatment with 
a view to hematotoxic reactions, were unable to diecover any significant anom- 
alies. It should be noted that a few obeervationa (256, 319) indicate a slightly 
increased fragility of etythrocytea in lithium-containing media. 

Kidneys. Several authors have noted oliguria and an elevation of the blood 
nonprotein nitrogen in the terminal atages of lithium poisoning in animals and 
in man (47,52,257,289). Microecopic investigation of the kidneya from lithium- 
killed snimnln show degenerative changea of the tubular epithelium (257, 289, 
297), and renal failure is considered the principal c a w  of death by Radomski 
and associatea (257). 
During lithium treatment of psychotic patients, Gleeinger (95) and 'lhutner 

and aeaociatea (319) obeerved transient proteinuria in a number of caeee, and 
Duc and Maurel (68) and Giustino (94) found hematuria in a few caees. Other 
workers have not found any evidence of renal damage under similar conditions 
(243, 290, 291). 

Some studies have indicated changea of the urinary excretion of various elec- 
trolytes after lithium sdministration (220, 297,319), but the food intake of the 
experimental subjects was not controlled during the experiments, and exact 
balance sheets could accordingly not be made. 

It has occasionally been observed that lithium dminbtration may be ac- 
companied by an increase of the urine volume (219, 220, 317, 319). Recent ex- 
periments on rats (289) have esfabliahed that a conspicuous feature of chronic 
lithium intoxication is the development of-a &ate resembling diabetee insipidus, 
during which the animals excrete a very large volume of hypotonic urine. If the 
lithium doeage is increaegd or the d u r n  intake reduced, the condition change. 
rapidly into the picture of renal failure described above. 
O@ orgum. In anhala treated with moderate to large doses of lithium salts, 

the adrenal8 become slightly hyperplaetic (257, 289, 297), and iron-containing 
material is depoeited in the spleen (289). Raidomski and sssociatea (257)-also 
observed "a very slight degree of focal necrosis of the voluntary musclesJ'. 

Blood and tierrue chemistry. Admhhtration of therapeutic doses of lithium 
salts to patients with a proper sodium intake does not lead to any measurable 
change of the blood chemistry (118, 290, 291), but in c a m  of lithium intoxica- 
tion in patients on a low sodium diet the following anomalies have been obeerved : 
a lowered serum sodium concentration, a slight increase of hematocrit values 
and plasma chloride, and a decrease of the serum carbon dioxide-combining 
power (47, 116, 306, 314). 

Davenport (53), in experiments on rats, observed various changea in the water 
and electrolyte content of plssma, brain, and muscle. The most significant change 
was a decrease of the sodium concentration in the extracellular fluid, and the 
author suggests that this, perhaps in combination with the presence of lithium 
in the brain, may explain why lithium-treated rsts had lower seizure thresholds 
than did the pair-fed controls. Redomski and aasociatea (257) were able to show 
that subacute doses of lithium chloride in dogs on a low sodium diet and also 
larger doses in dogs on a normal diet produced a marked loss of sodium in the 



urine, which in some csses was accompanied by a fall in the serum sodium level' 
towards the end of the suwival period. There was furthermore a retention of 
potassium and, terminally, azotemia and an increase of serum potassium to, 
cardiotoxic levels. 

Risaetto and Gazzano (270) found a slight rise of serum nonprotein nitrogen 
and cholesterol in lithium-treated guinea-pigs. 

Treahnent of lithium intoxhtion. It seems certain that a proper intake of so- 
dium salts is of prophylactic value against lithium intoxication. It haa further- 
more been observed (289) that excretion of the lithium remaining in the body 
after a treatment period may be significantly accelerated by the admhktration 
of liberal amounts of sodium chloride. However, these experiments were per- 
formed on animals and patients who were, a t  most, only slightly intoxicated, 
and it is still an open question whether sodium chloride administration is of 
therapeutic value in cases of severe intoxication with incipient or manifest kid- 
ney damage. 

In the literature the following therapeutic procedures against lithium intoxica- 
tion have been s u g g d :  intravenous injection of isotonic or hypertonic sodium 
chloride or glucose, and the administration of adrenocortical extracts, barbi- 
turates and other sedatives, diuretics, laxatives, sodium thiosulphate, BAL, 
crude liver extract, vitamins, and "Cylotropin" (which con- 40 % hexameth- 
ylenetetramine, 16 % sodium aalicylate, and 1 9% d e i n e )  (47,52,95,116,271,306, 
317). Some of these procedures seem to lack any rational foundation, and none 
of them is based on experimental or clinical data. 

VIIX. MEDICAL USE8 OF LITHIUM SALT8 

Gout and urinary calculi. Lithium was introduced into medicine about a hun- 
dred years ago. Lipowitz (200) had shown in 1841 that the lithium salt of uric 
acid was soluble in water, and Ure (320) found in 1844 that a urinary calculus 
containing uric acid was slowly dissolved when placed in a warm solution of 
lithium carbonate. These observations led Garrod (87) to administer lithium 
salts to gouty patients and patients with urinary calculi in the hope that the 
lithium would dissolve the uric acid deposits around the joints and in the urinary 
tract. During the following yeam numerous in viko experiments were carried 
out to demonstrate the "solubilizing" effect of lithium salts on uric acid (21, 
149, 166, 213, 232, 273, 301), and a number of enthusiastic therapeutic reports 
appeared (64, 173, 184, 309, 336). The lithium salts, mostly the carbonate or 
the citrate, were given in dosea containing from 12 to 80 mequiv. lithium per day. 
They were usually administered by mouth, but sdministration by iontophoreais 
has also been employed (72,130,167,183). However, since sodium and potassium 
form insoluble salts with uric acid, and since these ions are always present in 
the organism, lithium cannot possibly have any "solubilizing" effect on the uric 
acid deposits. Subsequent clinical and biochemical work has given completely 
negative results (51,68, 118,221,274,314), and lithium salts are no longer used 
againet these diseases. 
Taste substit& for sodium chloride. Some years ago lithium chloride was rather 
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widely used aa a taste substitute for sodium chloride for patients with cardiac 
disesees who had to live on a salt-free diet. Although no untoward reactions were 
observed in a clinical trial with controlled doses (314), several severe lithium in- 
toxications and a few deaths from lithium poisoning were observed (47,103,116, 
253, 306, 328), and the use of lithium chloride aa a taste substitute was dis- 
continued. 

V a n ' w  medical w 8 .  In 1864 Gibb (93) advocated the use of lithium bromide 
as a mild tonic, while IRvy (184) administered it as a sedative. Mitchell (229) 
used lithium bromide against epilepsy in doses containing from 4 to 45 mequiv. 
lithium per day, but the alleged superiority of the lithium salt over other bro- 
mides does not appear to have been demonstrated. Carrbre and Pochard (36) 
have recently used lithium citrate aa a supplement to the barbiturate therapy of 
epilepsy, but they do not present any documentation of its effectiveness, and a 
certain reservation concerning this use seems indicated by Davenport's obeerva- 
tion of a lowered seizure threahold in lithium-treated rats (53). 

Lithium salts have been employed in the treatment of diabetes mellitus, be- 
cause i t  waa thought that uric acid metabohm might be altered in this disease 
(331, see also, however, 54, 147). Their use against various infectious diseases 
appears to reat on an equally weak foundation (143,254). The addition of lithium 
salts to tooth paste has already been mentioned. 

Zahl and Cooper (339) made preliminary experiments on the accumulation of 
lithium in tumor tisaue after intravenous injection of lithium salts of certain 
acid dyes. The authors propose that this procedure might be developed into a 
technique for the treatment of tumors that lie near the surface; if these a r w  
are irradiated with slow neutrons, nuclear capture reactions will occur, which 
release energetic particles and result in local deetruction of tumor tissue. Further 
work is needed before the possible usefulness of this procedure can be evaluated. 

tJ8e in psychiatry. Lange (173) gave lithium salts to patients with gout and 
mental depression; he claimed beneficial results in both dimuq but did not 
present any documentation. 

In 1949, Cade (34) made an accidental observation of a sedative-like action 
of lithium salts when administered to guinea-pigs. After a latent period of about 
two hours, the animals, although fully conscious, became lethargic and unrespon- 
sive to stimuli for one or two hours before once again becoming normally active 
and timid. Cade then administered lithium carbonate and citrate to  ten manic 
patients, and the condition of all the patients improved during the treatment. 
Since then lithium treatment of mania has been tried in a number of mental 
hospitals, primarily Australian and French, and mainly with good results (4, 
36, 55, 60, 61, 68, 94, 95, 168, 215, 243, 267, 297, 317). 

These reports often comprise rather large numbers of patients, but they are 
all based on clinical i'irnpre9sione" rather than on controlled therapeutic experi- 
ments. In 1954, Schou and associates (290, 291) made a more systematic study 
of the effectiveness of lithium treatment of manic phases of manicdepmsive 
psycho&. They used a "double-blind" technique so that neither the patients, 
nor the ward personnel, nor the psychiatrists knew whether the tablets given 
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contained lithium or were placebos, and the medication was shifted in a random 
manner between lithium and placebo at intervals of two weeks. The effect of 
the treatment was evaluated with due consideration of the epontaneous course 
of the disease in each case. 
Of 48 manic patients treated with lithium salts, 18 could be clsssified as "+ 

effect". In these cases it was highly improbable that the improvement obeerved 
during the treatment had been due to inaccuracies in clinical assessment, suggest- 
ibility, or spontaneous variation. Twenty-one patients were grouped under the 
heading "poesible effect". Their condition was clearly improved during the treat- 
ment, but a spontaneous cessation of the mania could not be excluded. In 9 
patients the lithium treatment did not influence the mania; these were classified 
as "- dect". In the "+ effect" and "possible dect"  groups the patients were 
almost or completely relieved of manic symptom, and several patients could be 
discharged from the mental hospital, some after having stayed there for many 
years. The authors conclude that even if lithium is too toxic to be an ideal thera- 
peutic agent, the lithium treatment of mnnis represents a very welcome addition 
to the therapeutic measurea against a disease that is very resietsnt to moat type6 
of treatment or in which the improvement after treatment is frequently rather 
short-lived. 

In a recent publication (288) the experience from lithium treatment of manic 
patients during three years is reviewed; out of 85 manic patiente 16 did not show 
any improvement, while in 69 patients the manic symptoms abated or dis- 
appeared during the treatment. It is pointed out that chronic, i.e., protracted 
or frequently recurring, manias constitute the main indication for treatment 
with lithium salts. Kidney and heart diseases and conditions leading to a low 
salt intake must be regarded as contraindications. No late toxic d h t i o n s  
were obeerved in patients who had received lithium carbonate continuously for 
three years. 

Psychic exaltation in other psychotic patients, e.g., in schizophrenics, has also 
been treated with lithium salts, but the effect in these cases appears to be more 
questionable (34, 36, 55, 61, 68, 95, 243, 267, 297), and controlled therapeutic 
experiments have not been performed. Cade (34) and Noack and Trautner (243) 
found that the depressive phases of manic-depressive psychoses were d e c t e d  
or in aome cases aggravated by treatment with lithium salts, but the question 
d a possible therapeutic action of lithium in these statea does not appear to have 
been fully explored yet. 

Moet workers in the field agree that the therapeutic index of lithium is rather 
low. Many of the patients suffer from mild gastrointestinal distress and tremor 
of the hands during treatment with therapeutic doses, and in a few caaea grave 
intoxications have been observed during lithium treatment of psychotic patients. 
The cause of these isolated casea of lowered tolerance to lithium is not evident, 
but a low sodium intake may have been a contributory factor in at  least some 
of them. 

The lithium salts, mwtly the carbonate or the citrate, are given to the patients 
in tablets, and the dosage is uaually around 40-60 mequiv. lithium per day (cor- 
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reaponding to 1.52.3 g lithium carbonate per day), although somewhat higher 
d m  have been used occasionally. Frequently the.dosage may be reduced after 
treatment for one to two weeks, and in many cases a maintenance dose of about 
20-30 mequiv. lithium (0.8-1.1 g lithium carbonate) per day d c e a  to keep 
the patient in a normal state. 
The effect of lithium salts in cases of mania ditrers markedly from the reaults 

of treatment with barbiturates and with "tranquilizing" agents. The patients 
do not generally give the impreasion of being "drugged"; they are quiet and co- 
operative, but usually not drowsy, and in many cases they are able to attend to 
their work quite normally while on a maintenance treatment. Apparently the 
lithium ions counteract the manic symptoms in a rather specific way. 

IX. coa6MENTB 

The biology and pharmacology of the lithium ion present a highly complex 
picture, and it is as yet not possible to arrange the many morphological, bio- 
chemical, and clinical data' in a coherent pattern. Still, a bird's-eye view of the 
lithium literature reveals a number of general trends; most of theae have been 
diecuesed in previous chapters, and only a few comments on certain aspecta are 
added here. 

The most striking feature of the biology of the lithium ion seems to be its par- 
tial imilsrity to the sodium ion. This resemblance is indicated by experiments 
with a number of biological systems, but is most clearly shown by the demonstra- 
tion of an active transport of lithium, similar to that of sodium, through the 
isolated, short-circuited frog skin.and through the gills of goldfish. It seema rea- 
sonable to assume that lithium ions are treated, a t  least partly, like sodium ions 
a h  in other tissues in which a "sodium pump" mechanism has been demon- 
strated or is supposed to be a t  work, and an active, but inefficient, outward 
transport of lithium would appear to be a satisfactory explanation of the diatri- 
bution of this ion between the extracellular and intracellular water phsees of 
the body. 

A further significant point of similarity is the apparent inability of the im- 
pulse mechanism to W g u i s h  between lithium and sodium. A large number of 
studiea have shown that Li+, as the only inorganic ion, may be substituted for 
Na+ in the medium surrounding nerves and muscles without 100s of excitability; 
preparations rendered inexcitable by exposure to sodium-free media regain their 
activity by being placed in a solution containing lithium ions above a certain 
concentration. The resting membrane potential ia influenced only to a slight 
extent by lithium ions; in this respect also the effect of lithium is much closer 
to that of sodium than to that of potassium. 

On the other hand, a number of distinct Merencea exist between the effects 
of eodium and lithium on these prepsrations. Although in experiments of short 
duration the ratting membrane potential ia little affected by the addition of lithium 
ions to the medium or by substitution of lithium for eodium in the medium, there 
is ample evidence to show that on prolonged exposure of the preparations to 
lithium-containing solutions the resting potential (in several studiea followed 
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as the demarcation potential) undergoes first a slight increase and later a d e  
crease; the depolarization eventually becomes irreversible. In nerves that have 
previously been kept in a sodium-free solution or in nerves excised from adrenal- 
ectomized frogs, the phase of hyperpolarization is absent. 

In nerves made inexcitable by exposure to a sodium-free solution, the action 
pdential is restored by a lithium-containing medium. In isotonic lithium chloride 
the immediate restoration is complete, but eventually the amplitude of the action 
potential decreaees. The decrease may, according to Cerf and to Ramoe and 
Calva, be counteracted by anodal hyperpolarization; Gallego and Lorente de 
N6 were unable to show this. 

Various 0 t h  indicee of nerve junction also react Merently to sodium and 
lithium: while sodium ions increase the "L fraction" of the membrane potential 
in nerves made inexcitable in a sodium-free medium, lithium ions decrease i t  
and reduce the effectiveness of the nerve reaction; the threshold and the 
latency of a single node of Ranvier change in opposite directions by exposure 
to isotonic solutions of sodium chloride and of lithium chloride; a prolongation 
of the action potential can be observed a t  the injection site after intra-axod 
injection of sodium ions, whereas this is not seen when lithium ions are injected; 
and the substitution of lithium for sodium in the medium may lead to changes 
of tonus and of contraction frequency in preparations of smooth muscle and 
heart muscle. 
Our present knowledge of the role played by the monovalent cations in nerve 

and muscle function does not enable us to explain the similarities and dissimilar- 
ities between the effects of sodium and lithium. One would like to bring into 
relation the sodium-replacing ability of Li+, A q u e  for an inorganic ion, and 
the observation of an active transport of lithium ions by the "sodium pump" 
in an isolated frog skin and in goldfish gills, a phenomenon also not 0 b 8 e ~ e d  
for any other inorganic ion. The resemblance of lithium with sodium, rather 
than with potassium, in a number of enzyme systems might also be relevant in 
this connection. 

The peculiar, almost even, distribution of lithium ions across the cell mem- 
brane should undoubtedly be taken into consideration in a study of the effects 
of lithium. It does not appear farfetched to regard the gradual decrease of the 
spike height in lithiumcontaining media as due, a t  least partly, to an entrance 
of lithium ions into the axon. If, as some data indicate, lithium ions retain their 
similarity to sodium ions inside the nerve fiber, a gradual equilibration between 
the extracellular and the intracellular lithium concentrations must lead to a 
decrease of the "sodium" gradient across the nerve membrane and consequently 
to a decrease of the amplitude of the action potential. But it is evident that 
such a course of events can not explain all the effects of the lithium ion, and one 
must also consider other possible mechanisms, e.g., a displacement of intracellular 
potassium, an inhibition of enzyme reactions, an alteration of the structure of 
the axonal membrane, etc. It seems likely that experiments in which nerve and 
brain preparations are exposed to sodium-containing media with a low lithium 
content, rather than to pure lithium chloride in high concentration, might serve 
to elucidate the relative importance of these processes. 
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It should finally be pointed out that nothing is known about the mechanism 
of the therapeutic action of lithium salts in certain psychotic statea. We do not 
know whether we are dealing with a general influence on the entire nervous 
system or with an action on circumscribed regions in the brain. We are equally 
ignorant of whether the effect is due to a stimulation or to an inhibition of cere- 
bral processes. And it is not even certain that the lithium ion acts primarily on 
the brain in these cases. Still, it seem natural to look primarily for an effect on 
the nervous system, and it may be speculated whether the therapeutic action 
of lithium in psychotic states will not find its explanation in the effects of this 
ion on the transmission of nervous impulses along the lines discussed above. 

Many questions are thus left unanswered about both the pharmacology and 
the general biology of the lithium ion. Further systematic studies are needed of 
the fate and function of lithium in a number of experimental systems, and one 
cannot help feeling that work in this field may lead to a better understanding 
not only of the specific properties of the lithium ion but also of the fundamental 
biological proceases in which its chemical relatives, sodium and potassium, are 
involved. 
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