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I. INTRODUCTION
In 1817 August Arfvedson discovered lithium while working in a
Swedish laboratory. Berzelius named it lithion (Greek: lithos; stone). When
people realized lithium could be found in mineral waters that have been
used for healing, they started to connect lithium with the power to heal
(Fieve, 1984). Widespread and unregulated marketing of “lithia salts” in
potions and mineral waters, often at negligible concentrations, for a variety
of ills contributed to the general disillusionment of the traditional medical
establishment.
Lithium was first used to treat depressive patients in the latter part of
the 19th century, although the hypothesis upon which the therapy was
based was actually incorrect. Therapeutic success was reported in a
number of isolated cases. The antimanic effect of lithium was discovered in
1949 and confirmed in a placebo-controlled, double-blind study in 1954.
During the 1960s lithium was found to prevent recurrences of both
manic and depressive episodes. This prophylactic effect was first
demonstrated in an open study using the mirror method, and subsequently
(after 1970) confirmed in a number of double-blind, placebo-controlled
discontinuation studies. Lithium prophylaxis was similarly efficacious in
bipolar and unipolar patients.
An important historical event related to the safety and optimization of
lithium prophylaxis occurred in the 1970s. Research emerged which
indicated that long-term lithium use could possibly induce kidney damage.
Through the exemplary joint efforts of many research teams, however, it
was possible to rebut most of these alarming reports. Since the 1970s,
researchers and physicians have recommended serum lithium levels
slightly lower than those previously advocated.
An international multicenter study yielded strong evidence that
mortality and suicide rates can be lowered by long-term lithium treatment –
effects which have not been shown for any other long-term prophylactic
treatment thus far.
The use of lithium salt as a substitute for sodium to treat patients with
chronic cardiac and renal diathesis resulted in an increased incidence of
morbidity and mortality related directly to lithium toxicity. Not until John
Cade reported his observations in 1949 was lithium considered once again
a potential pharmacotherapeutic agent for treating mania in patients with
manic-depressive illness (Lenox and Watson, 1994).
Most lithium is used in production of lightweight metal alloys, glass,
lubrication greases, and electrical batteries. Less than 1% is used in
medicine. Lithium occurs naturally in biological tissues and hence in
foodstuffs, drinking water. Natural waters containing high concentrations of
this and other metals are sold as “mineral waters” with supposed medicinal
properties (Birch, 1999).

Garrod (1859) first described its medical use for the treatment of
rheumatic conditions and gout and particularly mentions lithium use in
“brain gout”, a depressive disorder.
Lithium has the simplest structure of any therapeutic agent, and its
bioactive properties have been known for over a century. Lithium salts
have proven to be a valuable tool for the treatment of bipolar disorder,
formerly known as manic-depressive illness. As the name implies, people
who suffer from bipolar disorder experience drastic moodswings, from
extreme happiness to extreme depression. Between 0.4 and 1.6% of the
population suffer from this psychiatric condition. The use of lithium as a
stabiliser of mood dates from 1949, when Australian physician John Cade
observed the calming effect that lithium had on animals and on himself (that
is the way how he tested the safety of lithium).
In the central nervous system, lithium has been reported to confer
protection to neural cells against a wide variety of insults, and to induce
synaptic remodeling in neurons, which may account for its positive clinical
effects in the treatment of mood disorders. Apart from its mood-stabilizing
properties, profound developmental, metabolic and hematopoietic effects
are caused by milimolar concentrations of lithium. Lithium is found to
profoundly affect the development of diverse lower organisms such as
Dyctyostelium and Xenopus, but surprisingly few teratogenic effects are
reported in humans. Perhaps the most striking metabolic effect attributed to
lithium is the stimulation of glycogen synthesis, thus mimicking insulin
action. In humans, it is reported to increase the number of circulating
granulocytes and pluripotent hematopoietic stem cells.

Illustration The famous paper of Dr. John Cade: one of the most
frequently cited papers ever published in the Medical Journal of Australia

In vivo and in vitro studies demonstrated that lithium exerts multiple
effects on neurotransmitter/ receptor-mediated signalling, ion transport,
signal transduction cascades, hormonal and circadian regulation, and gene
expression (Cryns et all, 2006).
Unfortunately, the molecular mechanism underlying all these effects
is still a matter of debate. The biochemical mechanisms of action of lithium
appear to be multifactorial and are inter-correlated with the functions of
several enzymes, hormones and vitamins, as well as with growth and
transforming factors (Schrauzer, 2002).
Lithium’s acute effects are mediated through inhibition of specific
enzymes involved in two distinct but interacting signaling pathways – the
protein kinase c and glycogen synthase kinase 3β signaling cascades – that
converge at the level of gene transcriptional regulation. The expression of
different genes, including transcription factors, is markedly altered by
chronic lithium administration. Chronic lithium treatment also robustly
increases the expression of the neuroprotective protein Bcl2, raising the
intriguing possibility that some of lithium’s effects are mediated through
underappreciated neurotrophic /neuroprotective effects (Ikonomov and
Manji, 1999).
In 1971, some researchers reported reduced brain inositol levels in
lithium-treated rats. Nowadays, lithium ions are still one of the few
pharmacological tools available to investigate the metabolic pathways
involved in the phosphoinositide cycle, and the ability of lithium to inhibit
myo-inositol monophosphatase (IMPs) at therapeutically relevant
concentrations (0.5 – 1.5 mM) is now well established.
Glycogen synthase kinase –3 (GSK-3) is another protein whose in
vitro activity has been reported to be inhibited by lithium ions, and this
action seems to account for the profound developmental alterations lithium
causes in Dyctiostelium and Xenopus. IMPs and GSK-3 require from metal
ions for catalysis and are inhibited by lithium in an uncompetitive manner,
most likely by displacing metal ions from the catalytic core. In central
nervous system and in peripheral tissues the action of lithium can be
mediated through inhibition of IMPs or GSK-3, but probably the picture is far
more complex than that.
Lithium is highly effective in the treatment of bipolar disorder and also
has multiple effects on embryonic development, glycogen synthesis,
haematopoiesis, and other processes. However, the mechanism of lithium
action is still unclear. A number of enzymes have been proposed as
potential targets of lithium action, including inositol monophosphatase, a
family of structurally related phosphomonoesterases, and the protein kinase
glycogen synthase kinase-3. These potential targets are widely expressed,
require metal ions for catalyses, and are generally inhibited by lithium in an
uncompetitive manner, most likely by displacing a divalent cation. Thus, the
challenge is to determine which target, if any, is responsible for a given
response to lithium in cells. Comparison of lithium effects with genetic
disruption of putative target molecules has helped to validate these targets,
and the use of alternative inhibitors of a given target can also lend strong

support for or against a proposed mechanism of lithium action (Phiel and
Klein, 2001).
To validate the target, several criteria should ideally be met. The
biochemical effects must occur at therapeutically relevant concentrations,
after chronic administration, and they should affect neuronal systems that
are plausible involved in mood regulation (Coyle and Manji, 2002).
The search for targets of chronic lithium administration is similar to
the task of identifying genes responsible for complex behavioral and
physiological traits, such as obesity, hypertension, and circadian rhythms.
In all these situations the role of an identified candidate protein is proven by
its capacity to correct the abnormal phenotype. Thus it is critical to bear in
mind that the analysis of the molecular basis of lithium action is meaningful
only under conditions of a clear-cut lithium-induced phenotype (Ikonomov
and Manji, 1999).
Many of the proposed mechanisms for lithium cellular action have
suggested an inhibitory effect on components of various signalling
pathways, such as cyclic AMP formation, cyclic GMP formation, G proteins,
or inositol phosphate metabolism (Berridge et all, 1989).
Lithium has been shown to be an inhibitor of a number of structurally
similar magnesium – dependent phosphomonoesterases at concentrations
values within the therapeutically relevant range of concentrations (0,8 – 1,2
mM). Biochemical and genetic studies subsequently identified the upstream
inositol polyphosphatase as an additional target for lithium (Lenox et all,
2003).
Molecular genetic observations in model systems underline Ins (1, 4,
5) P3 as a clinically relevant target of lithium (Williams et all, 2000). Lithium
inhibits the enzyme inositol monophosphatase and thus obstructs the
enzymatic degradation of inositol trisphosphate (IP3) in the phosphate –
phosphoinositide (PIP) cycle. This inhibition may result in reduced
availability of the second messengers IP3 and DAG that are derivates of the
PIP cycle (Einat et all, 1998).
The G proteins are a ubiquitous family of proteins that serve the
critical role of transducers of information across the plasma membrane,
coupling receptors to various effectors. G-proteins are involved in pathways
regulating such diverse vegetative functions as mood, appetite, and
wakefulness and, by extrapolation, in the molecular mechanisms of action
of mood – stabilizing drugs like lithium. The first direct evidence that Gproteins may be the targets of lithium’s actions was provided by Avissar and
colleagues, who reported that lithium dramatically eliminated isoproterenol –
and carbochol – induced increases in 3H-GTP binding to various G-proteins
in rat cerebral cortical membranes (Manji et all, 1995).
Chronic lithium administration decreases the turnover of arachidonic
acid (AA) in several brain phospholipids correlated with an significantly
decrease of phospholipase A2 (PLA2) activity. Than, a major therapeutic
effect of lithium is to attenuate brain PLA2 activity involved in signal
transduction (Chang et all, 1998).

It was found that chronic treatment of rats with lithium (With
therapeutically relevant serum levels of about 1mM) increased levels of
mRNA and protein for calmodulin – sensitive (type 1) and calmodulin –
insensitive (type 2) forms of adenylate cyclase and decreased levels of
mRNA and protein for the inhibitory G-protein subunits Giα1 and G iα2.
Lithium regulation of adenylate cyclase and G iα was not seen in response to
short – term lithium treatment or in response to chronic treatment at lower
dose of lithium (Collin et all, 1991).
An alternative target of lithium is suggested by the close similarity
between lithium action and the effect of ectopic expression of wnt genes in
Xenopus embryos (Klein et all., 1995). Lithium mimics Wnt signals by
inhibition of GSK-3β both in vitro and in vivo. This suggests that the oftenobserved developmental effects of lithium, which could not be explained by
inhibition of IMP-ase, may be in fact a result of inhibition of GSK-3β (Lenox
et all, 2003).
Through two entirely separate actions, inhibition of phosphoinositide
signalling and inhibition of GSK-3β, lithium is able to simultaneously
decrease the highest, stimulus-induced transcription factor AP1 (activator
protein1) – DNA binding activity and raise the lowest, basal AP1-DNA
binding activity, respectively. This bimodal action of lithium ensures that the
activity of AP1 is not too low while at the same time protecting the cell from
an overly extreme increase in AP1 activity, providing a stabilizing influence
on signal fluctuations (Jope, 1999).
Since GSK-3β plays a critical role in the central nervous system by
regulating various systems by regulating various cytoskeletal processes as
well as long-term nuclear events, and is a common target for both lithium
and valproate, its inhibition may underlie some of the future research (Manji
et all, 2001).
There is evidence for effect of lithium on the expression of numbers of
genes in brain, including the DNA binding and transactivation AP1
transcription factor and both pro- and antiapoptotic genes through the
AKT/PKB signalling pathway.
Protein kinase C and glycogen synthase - 3β signal transduction
pathways are perturbed by chronic lithium at therapeutically relevant
concentrations and have been implicated in modulating synaptic function in
nerve terminals. Linking lithium-responsive genes as a regulatory network
will provide a strategy to identify signature gene expression on patterns that
distinguish therapeutic and nontherapeutic actions of lithium (Lenox et all,
2003).
Multiple actions of lithium are critical for its therapeutic effect, and
these complex effects stabilize neuronal activities, support neural plasticity,
and provide neuroprotection. Modulation of neurotransmitters by lithium
likely readjusts balances between excitatory and inhibitory activities, and
decreased glutamatergic activity may contribute to neuroprotection. Lithium
modulates signals impacting on the cytoskeleton, a dynamic system
contributing to neural plasticity, at multiple levels, including glycogen
synthase kinase-3β, cyclic AMP-dependent kinase, and protein kinase C,

which may be critical for neural plasticity involved in mood recovery and
stabilization. Lithium adjusts signaling activities regulating second
messengers, transcription factors, and gene expression. The outcome of
these effects appears likely to result in limiting the magnitudes of
fluctuations in activities, contributing to a stabilizing influence induced by
lithium, and neuroprotective effects may be derived from its modulation of
gene expression (Jope, 1999, art. 3).
The biological effects of lithium can be divided into short-term effects
(manifested soon after lithium’s application and likely mediated through the
available cellular machinery) and long-term effects (presumably based on
selective changes in gene expression and appearing after a lag period of
several days to weeks).
Many of lithium’s short-term effects appear to be cell type or tissue
specific. Examples of short-term stimulatory effects include lithium-induced
corticotropin secretion by rat anterior pituitary cells and acute glutamate
release in lithium-treated brain slices. Inhibitory effects of short-term lithium
treatment are documented in angiotensin-II-induced aldosterone secretion
by adrenal glomerulosa cells and in the relaxation rate following cholinergic
induction of smooth muscle contraction.
A separate group of effects includes the teratogenic effects of shortterm lithium exposure in early development. Thus, a brief treatment at a
stage of 32-64 cells in a Xenopus embryo leads to an embryo with two
dorsal structures, an effect called “dorsalization”. Profound developmental
effects of lithium have also been documented in sea urchins, zebrafish, and
Dictyostelium. It should be noted that many of these developmental effects
are observed at concentrations that are considerably greater than those
attained therapeutically.
Among the long-term phenotypic changes are lithium-induced
alterations in circadian rhythmicity and, of course, changes in mood in
patients with bipolar disorder, appearing after 2-3 days or weeks,
respectively. Chronic lithium treatment in the laboratory rat leads to a
persistent performance deficit in some behavioral tests (active avoidance
and visually cued maze), whereas the deficit in a spatial memory task is
transient. A similar transient deficit is found in the ability of acetylcholine to
potentiate N-methyl-D-aspartic acid (NMDA) responses in hippocampal
neurons. Furthermore, chronic lithium treatment has been reported to inhibit
the seizures in a kindling model of epilepsy in the rat, although to
cholinergic agonists.
Most recently, chronic lithium administration has been shown to exert
neuroprotective effects against a variety of insults both in vitro and in vivo,
effects that are likely mediated by lithium’s robust increase in the
expression of the neuroprotective protein Bcl2.
Finally, an important (but often overlooked) consideration is that, in
addition to the beneficial effects on mood, chronic lithium treatment is
associated with many side effects, including polyuria, polydipsia, and
clinical or subclinical impairment of thyroid function.

It is believed that these common side effects are due, at least in part,
to lithium-induced inhibition of vasopressin – and thyrotropin – sensitive
adenylate cyclase in kidney distal tubes and the thyroid gland, respectively.
In addition, lithium toxicity in yeast is associated with inhibition of RNAprocessing enzymes.
Furthermore, the diabetes-insipidus-like status accompanying chronic
administration of dietary lithium to the rat increases the vasopressin mRNA
levels in paraventricular and supraoptic hypothalamic nuclei. Similarly,
thyroid hormones are known to bring about a variety of changes in
expression of genes in the central nervous system (CNS).
These observations illustrate the multiple causes of differential
regulation of gene expression that have to be carefully considered in the
search for therapeutically relevant lithium target genes (Ikonomov and
Manji, 1999).
BIOCHEMICAL AND PHYSIOLOGICAL PROPERTIES OF LITHIUM
1. Inorganic biochemistry of lithium
Lithium (from Greek: lithos : stone) is a chemical element with the
symbol Li and atomic number 3. Lithium is one of only four elements
theorized to have been created in the first three minutes of the universe
through a process called Big Bang nucleosynthesis. It is in group 1 of the
periodic table, among the alkali metals and is the lightest solid element.The
alkali metals are so called because they form alkalies (strong bases
capable of neutralizing acids) when they combine with other elements.
Petalite, which contains lithium, was first discovered by the Brazilian
scientist José Bonifácio de Andrada e Silva toward the end of the 1700s on
a trip to Sweden. Lithium was discovered by Johann Arfvedson in 1817.
Arfvedson found the new element within the minerals spodumene and
lepidolite in a petalite ore, LiAl(Si2O5)2, he was analyzing during a routine
investigation of some minerals from a mine on the island Utö in Sweden. In
1818 Christian Gmelin was the first to observe that lithium salts give a
bright red color in flame. Both men tried and failed to isolate the element
from its salts.
The element was not isolated until William Thomas Brande and Sir
Humphrey Davy later used electrolysis on lithium oxide in 1818. Bunsen
and Matiessen isolated larger quantities of the metal by electrolysis of
lithium chloride in 1855. Commercial production of lithium metal was
achieved in 1923 by the German company Metallgesellschaft through using
electrolysis of molten lithium chloride and potassium chloride. It was
apparently given the name "lithium" (Greek λιθoς (lithos), meaning "stone")
because it was discovered from a mineral while other common alkali metals
were first discovered from plant tissue.
The chemistry of lithium is unusual. Lithium atoms are very small,
highly polarized, and have a high charge density. The chemical and

biochemical properties of lithium are similar to those of magnesium, with
which it shares a “diagonal relationship” in the periodic table. Because
magnesium plays a crucial role in the regulation of biochemical systems, it
has been theorized that lithium influences magnesium-dependent
processes (Birch, 1999).
Lithium in its pure form does not occur naturally on Earth. It is a soft,
silver white metal that tarnishes and oxidizes very rapidly in air and water.
Lithium metal is used primarily in heat-transfer applications, batteries,
household appliances such as toasters and microwaves, and in high
performance alloys such as those used for aircraft construction. Lithium
compounds are used pharmacologically as a class of mood stabilizing
drugs, a neurological effect of the lithium ion Li+.
Though in group 1, lithium also exhibits properties of the alkalineEarth metals in group 2. Like all alkali metals, it has a single valence
electron, and will readily lose this electron to become a positive ion.
Because of this, lithium reacts easily with water and does not occur as the
free element on Earth. Nevertheless, it is less reactive than the chemically
similar sodium.
Lithium is soft enough to be cut with a knife, though this is significantly
more difficult to do than cutting sodium. The fresh metal is silver in color,
rapidly tarnishing black in air. Lithium has only about half the specific gravity
of water, giving solid metal lithium sticks the odd heft of a very light wood,
such as balsa. The metal floats highly in hydrocarbons due to its low
density, and jars of lithium in the laboratory are typically composed of blackcoated sticks held down in hydrocarbon mechanically by the lid of the jar
and other sticks.
When placed over a flame, lithium gives off a striking crimson color,
but when it burns strongly, the flame becomes a brilliant white. Lithium will
ignite and burn when exposed to water and water vapors in oxygen. It is the
only metal that reacts with nitrogen at room temperature. Lithium has a high
specific heat capacity, 3582 J/(kg·K), and a great temperature range in its
liquid form, which makes it a useful chemical.
Lithium metal is flammable and potentially explosive when exposed to
air and especially water, though it is far less dangerous than other alkali
metals in this regard. The lithium-water reaction at normal temperatures is
brisk but not violent. Lithium fires are difficult to extinguish, requiring special
chemicals designed to smother them.
Lithium metal is a corrosive and requires special handling to avoid
skin contact. The metal itself is usually less a handling hazard than the
caustic hydroxide produced when it is in contact with moisture. Lithium
should be stored in a non-reactive compound such as naphtha or a
hydrocarbon.
In humans lithium compounds apparently play no natural biological
role, and are considered to be slightly toxic. Humans aside, lithium appears
to be an essential trace element for goats, and possibly rats. When used as
a drug, blood concentrations of Li+ must be carefully monitored.

On Earth, lithium is widely distributed, but because of its reactivity
does not occur in its free form. In keeping with the origin of its name, lithium
forms a minor part of almost all igneous rocks and is also found in many
natural brines. Lithium is the thirty-first most abundant element, contained
particularly in the minerals spodumene, lepidolite, petalite, and
amblygonite. On average, Earth's crust contains 65 parts per million (ppm)
lithium.
Since the end of World War II, lithium metal production has greatly
increased. The metal is separated from other elements in igneous mineral
such as those above, and is also extracted from the water of mineral
springs.
The metal is produced electrolytically from a mixture of fused lithium
and potassium chloride. In 1998 it was about US$ 43 per pound ($95 per
kg).[1] Chile is currently the leading lithium metal producer in the world, with
Argentina next. Both countries recover the lithium from brine pools. In the
United States lithium is similarly recovered from brine pools in Nevada.[2]
Naturally occurring lithium is composed of 2 stable isotopes 6Li and
7
Li with 7Li being the most abundant (92.5% natural abundance). Seven
radioisotopes have been characterized with the most stable being 8Li with a
half-life of 838 ms and 9Li with a half-life of 178.3 ms. All of the remaining
radioactive isotopes have half-lifes that are less than 8.6 ms. The shortestlived isotope of lithium is 4Li which decays through proton emission and has
a half-life of 7.58043x10-23 s.
7
Li is one of the primordial elements or more properly, primordial
isotopes, produced in Big Bang nucleosynthesis (a small amount of 6Li is
also produced in stars). Lithium isotopes fractionate substantially during a
wide variety of natural processes, including mineral formation (chemical
precipitation), metabolism, and ion exchange. Lithium ion substitutes for
magnesium and iron in octahedral sites in clay minerals, where 6Li is
preferred over 7Li, resulting in enrichment of the light isotope in processes
of hyperfiltration and rock alteration.
An interesting isotope is the extremely unstable 11Li , that exhibits a
Nuclear halo of two neutrons.
Applications
Because of its specific heat, the largest of any solid, lithium is used in
heat transfer applications. It is also an important battery anode material,
used in lithium ion batteries due to its high electrochemical potential. In
addition to being lighter than the standard dry cell, these batteries produce
a higher voltage (3 volts versus 1.5 volts).
Medical Use
Lithium salts such as lithium carbonate (Li2CO3), lithium citrate, and
lithium orotate are mood stabilisers. They are used in the treatment of
bipolar disorder, since unlike most other mood altering drugs, they
counteract both mania and depression. Lithium can also be used to
augment other antidepressant drugs. It is also sometimes prescribed as a
preventive treatment for migraine disease and cluster headaches.

The active principle in these salts is the lithium ion Li+, which interacts
with the normal function of sodium ion to produce numerous changes in the
neurotransmitter activity of the brain. Therapeutically useful amounts of
lithium are only slightly lower than toxic amounts, so the blood levels of
lithium must be carefully monitored during such treatment.
Other uses
•
Lithium chloride and lithium bromide are extremely hygroscopic
and frequently used as desiccants.
•
Lithium stearate is a common all-purpose high-temperature
lubricant.
•
Lithium is an alloying agent used to synthesize organic
compounds.
•
Lithium is used as a flux to promote the fusing of metals during
welding and soldering. It also eliminates the forming of oxides during
welding by absorbing impurities. This fusing quality is also important as a
flux for producing ceramics, enamels, and glass.
•
Lithium is sometimes used in glasses and ceramics including
the glass for the 200-inch (5.08 m) telescope at Mt. Palomar.
•
Alloys of the metal with aluminium, cadmium, copper, and
manganese are used to make high performance aircraft parts.
•
Lithium niobate is used extensively in telecommunication
products, such as mobile phones and optical modulators.
•
The high non-linearity of lithium niobate also makes a good
choice for non-linear optics applications.
•
Lithium deuteride was the fusion fuel of choice in early versions
of the hydrogen bomb. When bombarded by neutrons, both 6Li and 7Li
produce tritium. Tritium fuses with deuterium in a fusion reaction that is
relatively easy to achieve. Although details remain secret, lithium
apparently no longer plays a role in modern nuclear weapons, having been
replaced entirely for the purpose by elemental tritium, which is lighter and
easier to handle than lithium salts.
•
Lithium is used as a source for alpha particles, or helium nuclei.
7
When Li is bombarded by accelerated protons, 8Be is formed, which
undergoes spontaneous fission to form two alpha particles. This was the
first man-made nuclear reaction, produced by Cockroft and Walton in 1929.
•
Lithium hydroxide (LiOH) is an important compound of lithium
obtained from lithium carbonate (Li2CO3). It is a strong base, and when
heated with a fat, it produces a lithium soap. Lithium soap has the ability to
thicken oils and so is used commercially to manufacture lubricating
greases.
•
Lithium metal is used as a catalyst in some types of
methamphetamine production, particularly in illegal amateur “meth labs.”
•
Lithium hydroxide is an efficient and lightweight purifier of air. In
confined areas, such as aboard spacecraft and submarines, the
concentration of carbon dioxide can approach unhealthy or toxic levels.
Lithium hydroxide absorbs the carbon dioxide from the air by reacting with it
to form lithium carbonate. Any alkali hydroxide will absorb CO2, but lithium

hydroxide is preferred, especially in spacecraft applications, because of the
low formula weight conferred by the lithium. Even better materials for this
purpose include lithium peroxide (Li2O2) and lithium superoxide (LiO2) that,
in presence of moisture, not only absorb carbon dioxide to form lithium
carbonate, also release oxygen. E.g. 4 LiO2 + 2CO2 --> 2Li2CO3 + 3 O2.
Market trend
Prices of lithium carbonate rose by 20% in 2005 and growth of up to
25% is forecast by Roskill Consulting Group for 2006, bringing prices back
to the peak levels seen prior to SQM's entry into the market in 1996. New
capacity due on-stream in Chile, Argentina and China is forecast to alleviate
the upward pressure on prices after 2007.
Consumption of lithium increased by 4-5% per year between 2002
and 2005, driven by demand in lithium secondary batteries. Batteries
accounted for 20% of total consumption in 2005, a rise from under 10% in
2000.
Continued expansion in the portable electronic products market and
commercialisation of hybrid electric vehicles using lithium batteries suggest
growth of up to 10% per year in lithium carbonate consumption in this
market through 2010.
Between 2002 and 2005, lithium minerals production rose by 7% per
year to reach 18,800 tonnes Li. Chile and Australia account for over 60% of
total output. FMC Lithium of the USA, Chemetall of Germany and SQM of
Chile continue to dominate production of downstream lithium chemicals.
China may emerge as a significant producer of brine-based lithium
carbonate towards the end of this decade. Potential capacity of up to
45,000 tonnes per year could come on-stream if projects in Qinghai
province and Tibet proceed.[3]
Regulation
Some jurisdictions limit the sale of lithium batteries, which are the
most readily available source of lithium metal for ordinary consumers.
Lithium can be used to reduce pseudoephedrine and ephedrine to
methamphetamine in the Birch reduction method, which employs solutions
of alkali metals dissolved in anhydrous ammonia. However, the
effectiveness of such restrictions in controlling illegal production of
methamphetamine remains indeterminate and controversial.
Carriage and shipment of some kinds of lithium batteries may be
prohibited aboard certain types of transportation (particularly aircraft),
because of the ability of most types of lithium batteries to fully discharge
very rapidly when short-circuited, leading to overheating and possible
explosion. However, most consumer lithium batteries have thermal
overload protection built-in to prevent this type of incident, or their design
inherently limits short-circuit currents.
Lithium is a component for thermonuclear weapons (so called
"hydrogen bombs") and applications of lithium for this purpose in the
nuclear weapons industry is pursued in developing nuclear powers like
India, and presumably others.

General
Name, Symbol, Number

lithium, Li, 3

Chemical series

alkali metals

Group, Period, Block

1, 2, s

Appearance

silvery white/grey

Atomic mass

6.941(2) g/mol

Electron configuration

1s2 2s1

Electrons per shell

2, 1
Physical properties

Phase

solid

Density (near r.t.)

0.534 g·cm−3

Liquid density at m.p.

0.512 g·cm−3

Melting point

453.69 K (180.54 °C, 356.97 °F)

Boiling point

1615 K (1342 °C, 2448 °F)

Critical point

(extrapolated) 3223 K, 67 MPa

Heat of fusion

3.00 kJ·mol−1

Heat of vaporization

147.1 kJ·mol−1

Heat capacity

(25 °C) 24.860 J·mol−1·K−1
Vapor pressure

P/Pa

1

10

100

1k

10 k

100 k

at T/K

797

885

995

1144

1337

1610

Atomic properties
Crystal structure

cubic body centered

Oxidation states

1(strongly basic oxide)

Electronegativity

0.98 (Pauling scale)

Ionization energies

1st: 520.2 kJ/mol
2nd: 7298.1 kJ/mol
3rd: 11815.0 kJ/mol

Atomic radius

145 pm

Atomic radius (calc.)

167 pm

Covalent radius

134 pm

Van der Waals radius

182 pm
Miscellaneous

Magnetic ordering

nonmagnetic

Electrical resistivity

(20 °C) 92.8 nΩ·m

Thermal conductivity

(300 K) 84.8 W·m−1·K−1

Thermal expansion

(25 °C) 46 µm·m−1·K−1

Speed of sound (thin rod)

(20 °C) 6000 m/s

Young's modulus

4.9 GPa

Shear modulus

4.2 GPa

Bulk modulus

11 GPa

Mohs hardness

0.6

CAS registry number

7439-93-2
Selected isotopes
Main article: Isotopes of lithium

iso
6

Li

7

Li
6

NA

half-life

DM

DE (MeV)

7.5%

Li is stable with 3 neutrons

92.5%

Li is stable with 4 neutrons

DP

Li content may be as low as 3.75% in natural samples. 7Li would therefore have a content of up to 96.25%.

2. Lithium as a trace element
Lithium is found in trace amounts in all soils primarly in the clay
fraction, and to a lesser extent in the organic soil fraction, in amounts
ranging from 7 to 200 µg/g. It is present in surface water at levels between 1
and 10 µg/L, in see water at 0.18 µg/L. The lithium concentrations in ground
watewr may reach 500 µg/L, in river water of lithium reach regions up to 8
mg/L. Still higher lithium levels, up to 100 mg/L are found in some natural
mineral waters.
Lithium is taken up by all plants, although it appears not to be
required for their growth and development. At high levels in the soil, Li is
toxic to all plants, causing a chlorosis-like condition. Uptake and sensitivity
to lithium are species dependent. Some plants, notably Cirisum arvense
and Solanum dulcamera, accumulate Li three- to six-fold over other plants.
Halophilic plants such as Carduus arvense and Haloschoenus vulgaris may
reach lithum contents of 99.6 – 226.4 µg/g. Lithium is relatively toxic to citrus
plants; nightshade species are remarkably lithium tolerant and may reach
lithium contents of up to 1000 µg/g. Yeast (Saccharomyces cerevisiae)
takes up limited amounts of lithium, high levels (115-400 ppm) in the
medium cause growth inhibition. In general, more lithium is taken up by
plants from acidic than alkaline soils. Since soil acidity also increases the
solubility of the heavier metallic elements, plant Li levels are directly and
significantly correlated with those of iron, nickel, cobalt, magnesium and
copper, and to some extent also to those of aluminium, lead and cadmium.
Lithium is found in variable amounts in foods: primary food sources
are grains and vegetables; in some areas, the drinking water also provides
significant amounts of the element. Human dietary lithium intakes depend
on location and the type of foods consumed any vary over a wide range,
estimated from 650 to 3100 µg. Traces of lithium were detected in human
organs and fetal tisuues already in the late 19th century, leading to early
suggestions as to possible specific functions in the organsisms. However, it
took another century until evidence for the essentiality of lithium become
available.
Ingested Li in the form of its soluble salts is absorbed to virtually
100% from the small intestine via the Na+ -channels and is excreted
primarly by the kidneys. Absorbed lithium is uniformly distributed in body
water, with only a small difference between the extracellular and
intracellular levels. Autopsy studies of adults reveald that the cerebellum
retains more lithium than other organs, followed by the cerebrum and the
kidneys. Organ lithium levels showed some unexplained gender
differences, with women exhibiting 10% to 20% more Li tham men in the
cerebellum, cerebrum, kidneys and the heart and 13% less Li in the
pancreas; the Li concentrations in the liver, lungs, ribs and thyroid were
about the samefor both genders. During embryonic development, organ
lithium levels reach maximal values in the first trimester of gestation and
subsequently decline, as is true for other trace elements. At the end of the
third trimester, the lithium concentration of the fetus is 1/3 of that in the first.

The lithium contents of the kidneys, the liver and the ribs continue to decline
during the first five to ten years of life, that of the prostate continues to
decline over the entire lifespan.
The serum lithium concentrations are approximately proportional to
the lithium intakes. In adults receiving 0.25 mM (1.74 mg) of lithium as
chloride per day for several weeks, for example, the mean serum lithium
concentrations increased from a baseline concentration of 0.14±0.03
µmol/L to 3.9±0.08 µmol/L (or 0.97±0.21 to 27.0±5.5 µg/L). At only half the
dose, or 0.125 mM (0.87 mg) of lithium per day, the serum lithium lithium
concentration at steady state was 2.6 µmol/L (18 µg/L). At the equal daily Li
dosage, body weight and height of the study subjectswere inversely
correlated with the serum lithium concentrations; serum lithium deacreased
by 0.57 µmol/L for every 10 cm increase in height or by 0.38 µmol/L for
every 10 kg increase in weight.
Baseline serum lithium levels in adults typically range from 7 to 28
µg/L, corresponding to adult lithium intakes of 385-1540 µg/day. Scalp hair
lithium levels reflect the average intakes of bioavailable lithium over a
period of several weeks to months and represent a noninvasive means of
determining the dietary lithium intakes. The lithiumcontent of hair also
reflects lithium status in animals. Hair lithium levels of adults are ranged
from 0.009-0.228 µg/g; the values were slightly higher for females than for
males. From these data, the medium lithium intake was calculated to 650
µg/day, range 100-2645 µg/day. Hair lithium levels were shown to increase
in proportion to dose in human subjects receiving 1000 and 2000 µg of
extradietary lithium in a supplement, reaching a steady state after three
months of supplimentation. However, the proportionality does not extend to
pharmacological lithium intakes; hair lithium thus cannot be used to monitor
the compliance of patients on lithium carbonate.
In studies conducted from the 1970s to 1990s, rats and goats
maintained on low-lithium rations were shown to exhibit higher mortalities
as well as reproductive and behavioral abnormalities. In humans defined
lithium deficiency diseases have not been characterized, but low lithium
intakes from water supplies were associated with increased rates of
suicides, homicides and the rates for drug use and other crimes.
Using crime rate data for 1978-1987, schrauzer and Shrestha
observed statistically highly significant inverse associations (p=0.005 to
0.01) between water lithium levels and the rats of homicide, suicide and
forcible rape. Significant inverse associations (p=0.05 to 0.01) were also
observed with rates of arrest for burglary and theft, possession of narcotic
drugs and, in juveniles, for runaway from home. In a subsequent study, the
mean scalp hair Li levels of incarcerated violent offenders in California were
found to be 0.028 ± 0.029 µg/g, significantly lower than the 0.099 ± 0.126
µg/g observed in hair of nonicarcerated controls, although this does not
necessarly establish a causal relationship.
Effects of Li deficiency on behavioral parameters were demonstrated
in studies with rats. Rats on a li-deficient diet (0.0066 µg Li / g diet)
exhibited suppressed level-press avoidence behavior as compared to

animals on a Li-supplemented diet (0.11 µg/g diet). The behavior of the Lideficient rats normalized on Li supplimentation on nutritional dosages. In
another study, Klemfuss and Schrauzer showed that rats on a Li-deficient
diet (<0.01 µg Li/g) and drinking water containing 31 µM NaCl exhibited
diminished wheel-running activity, decreased response to handling and
lower aggression in social interactions with other rats compared to rats
receiving the same diet but 31 µM (215 µg Li/L) of LiCl in the drinking water.
Lithium appears to play an especially important role during the early
fetal development as evidenced by the high lithium contents of the embryo
during the early gestational period. Animal studies have demonstrated that
Li plays a role in the expansion of the pluripotent stem cell pool. In mice,
lithium chloride increased pluripotent stem cells, followed by increases of
more mature progenitor cells and later of hematopoietic growth factors and
mature blood elements.
For humans, the available evidence suggests that assuring adequate
Li intakes for the general population could provide substantial health and
societal benefits. The available experimental evidence now appears to be
sufficient to accept lithium as essential; a provisional RDA for 70 kg adult of
1000 µg/day is suggested. Based on Li intake data in different countries, a
provisional RDA of 1 mg Li /day for a 70 kg adult can be proposed,
corresponding to 14.3 µg/kg BW, which can be reached by diet alone in Liadequate regions. For subjects subsisting on special diets or for
populations residing in naturally low Li areas, Li supplementation or other
appropiate measures to meet this RDA would be required. Special attention
should be accorded to the potentially higher relative Li needs of children,
adolescents and lacting mothers. Lithium needs furthermore may be higher
after physical exertation, in certain diseases and in dialysis patients. An
adequate supply of Li should also be assured for subjects on formula diets
and or on total or home parenteral nutrition (Schrauzer, 2002).
In humans endogenous serum lithium levels normally range from
0.14-8.6 micromol/l, with a maximum level of 15.8 micromol/l. These lithium
serum levels are 3 orders of magnitude lower than those necessary for
therapeutic/prophylactic treatment.
Scientists suspect that endogenous lithium in the human body has a
physiological function, although sufficient evidence of this is still lacking.
Daily lithium intake in humans is dependent on both diet and the use
of medications that contain lithium. With the latter, a total of 15 micromol to
0.66 mmol of lithium may be administered per day.

3. Cellular transport of lithium
Since Cade’s observations in 1949, numerous studies have explored
potential mechanisms for the therapeutic action of lithium in the treatment of
manic-depressive illness. Early studies focused on lithium’s property of
being a monovalent cation, its role in sodium transport, and its effect on
electrophysiologic properties of cells (Lenox et all, 1998).
Lithium can be transported across membranes in five different ways.
Of these, passive flux is important for the entry of lithium into cells, and
sodium-lithium countertransport for the extrusion of lithium from cells. Five
components of Li+ transport were identified (Reiser and Duhm, 1982):
1) A Na+ -dependent Li+ countertransport system mediating Li+ transport
in both directions across plasma membrane. This transport pathway is
insensitive to ouabain or external K+. It shows trans-stimulation
(acceleration of Li+ extrusion by external Na+ and stimulation of Li+
uptake by internal Na+) and cis-inhibition (reduction of Li+ uptake by
external Na+);
2) The Na+/K+ pump mediates Li+ uptake but not Li+ release in cells with
physiological Na+ and K+ content. Both external Na+ and K+ inhibit
Li+ uptake by the pump in choline media. In Na+ media, external K+
exhibits a biphasic effect: in concentrations up to about 1 mM, K+
accelerates, and at higher concentrations, K+ inhibits Li+ uptake by the
pump;
3) Li+ can enter the voltage-dependent Na+ channel. Li+ uptake through
this pathway is stimulated by veratridine and scorpion toxin, the
stimulation being blocked by tetrodotoxin;
4) Residual pathways comprise a saturable component, which is
comparable to basal Na+ uptake, and,
5) a ouabain-resistant component promoting Li+ extrusion against an
electrochemical gradient in choline media. The mechanisms for Li+
extrusion described here possibly explain how neuronal cells maintain
the steady-state ratio of internal to external Li+ below 1 during chronic
exposure to 1-2 mM external Li+.
Lithium can presumably replace sodium in the sodium-sodium
countertransport system, although the biological significance of the latter
process is still unclear. It appears that the concentration of lithium in cells
does not reach the levels predicted by the Nernst equation. Rather, the
intracellular lithium concentration is considerably lower than its
concentration in blood or extracellular fluid. This is important for the models
that have been proposed for its mechanism of action, as these must be able
to explain the effects of lithium at intracellular concentrations of 0.1 mmol/l
(similar to those seen in patients on lithium prophylaxis). One hypothesis
suggests that the biological effects of lithium are due to the role it plays at
the cell periphery, where, for example, it may influence cell recognition, cellsignalling mechanisms at the cell membrane, and certain immunological
processes.

Lithium is a very mobile, small ion and has been difficult to define its
distribution within the living cell; though attempts have been made using the
stable isotopes 6-Li and 7-Li. Direct subcellular localization using nuclear
techniques has shown promising results. Much of the evidence of
intracellular free lithium concentration has depended on analysis of
separated cells and extrapolations from lithium-transport data. These
techniques cannot distinguish between lithium inside cells and that attached
to, or entrapped in, cellular membranes.
Studies have been performed in human and animal erythrocytes and
in cells obtained from other animal sources. The erythrocyte internal lithium
concentration was under 8% of the external after incubation in a range of
external lithium concentrations between 2 and 40 mmol/l for up to three
hours. It is clear from studies of erythrocytes, hepatocytes, fibroblasts and
astrocytoma cells that lithium does not distribute at equilibrium according to
the cellular membrane potential (in these examples between –40 and –60
mV). This may be due either to low membrane permeability or alternatively
a mechanism of effective ejection of the ion from the cell interior.
Presently, it has not been possible to determine lithium
concentrations in excitable cells. A number of ion channels are known to
accept lithium relatively easily and under ideal conditions these cells may
show significant lithium currents. Ehrlich and Diamond have suggested that
by calculation from Nernst equation there should be a tenfold excess of
lithium within the cell, compared with the exterior, in an excitable cell
maintaining its normal potential. In practice it has never been possible to
demonstrate a concentration excess higher than fourfold. However there is
also evidence to suggest that brain cells do not specifically accumulate
lithium to any greater extent than somatic cells. There is significantly
greater resistance to lithium influx through cell membranes than hitherto
had been imagined. A study by Gow and Ellis (1990) using ion selective
micro-electrodes, suggests that in heart Purkinje fibers perfused with
lithium-Tyrode solution, at 70 mmol/ L lithium, there is a maximal
intracellular lithium concentration of 28 mmol/l which reflects the decrease
in potassium concentration. This suggests that the intracellular excess
theoretically determined by Ehrlich and Diamond (1983) may not be seen in
practice and the results of Gow and Ellis suggest that though there is a
rather higher proportion of lithium in excitable cells at high external lithium
concentrations than in non-excitable cells at lower external concentrations,
the intracellular to extracellular ratio is still considerably less than unity.
The case for significant cellular uptake of lithium, even in electrically
active cells, is not sufficiently proven to be taken for granted and may in fact
represent a variable, which is frequently ignored in developing models for
lithium’s pharmacological action. Most theories of lithium action assume
that the ion occurs in significant concentration in the fluid compartment of
cells. This has not been questioned and indeed the concentration of lithium
at which experiments have been carried out frequently has ignored even
the best current estimates of relevant cell lithium concentration. Much early
lithium ‚pharmacology’, still cited, was carried out in experiments where

sodium in physiological solution was replaced to an equimolar
concentration (often 150 mmol/l) by lithium.
Studies with erythrocytes, hepatocytes, CT3 fibroblasts culture cells
and liposome models have brought us to the view that intracellular lithium
concentrations are much lower than hitherto imagined and, indeed, the
apparent cellular uptake rate of lithium is very low.
Lithium can substitute for sodium or potassium on several transport
proteins that normally transport sodium or potassium, thus providing a
pathway for lithium to entry into cells. Two of the major lithium transporting
proteins are the sodium channel and the sodium-proton exchanger. Both
transporters are inhibited by amiloride (Timmer and Sands, 1999).
The main entrance ways of lithium are sodium channels and Na/H
exchangers. Sodium channels are implicated in Na transport from exterior
to the cell interior, in the concentration gradient sense. Because of equal
permeability of these channels to sodium and lithium, lithium ions can use
them for entering to the cell without energy consumption. Lithium
concentration grows by 5-10 folds at the level of dendrites after a stimuli
salve, this been explained by opening of numerous sodium channels during
action potential (Lenox and Hahn, 2000).
Ion-gated channels, which are driven by either adenosine
triphosphate (ATP) or net free energy of transmembrane concentration
gradients, regulate the distribution of lithium across the cell membrane.
These transport systems are crucial for the regulation of resting lithium in
the bulk cytoplasm, as they essentially regulate all steady-state intracellular
ion concentrations. Lithium, in particular, has the highest energy of
hydration of all alkali metal series, which accounts for its similarity in size to
divalent cations such as calcium and magnesium (Lenox and Hahn, 2000).
The Na/H exchanger is a ubiquitous transport system that is present
on many cells in the body and is inhibited by amiloride. This protein will
transport lithium in place of sodium, although the maximal transport rate is
twofold slower for lithium than sodium, and is a major pathway for lithium
transport into cells (Timmer and Sands, 1999).
Na/K –ATPase pump, being involved in altering the neuronal
excitability, has been extensively studied in relation to the membrane
transport of lithium as well as the therapeutic effect of lithium. When
measured in peripherals neurons as well as the synaptosomal membrane
fractions from brain, chronic lithium treatment was found to decrease Na/K –
ATPase activity, particularly in hippocampus. Various groups have studied
Na/K –ATPase activity in patients with mood disorders and have reported
alterations of the RBC to plasma lithium concentration ratio in bipolar
patients as a function of clinical state and genetic aspects of the illness.
Although a large interindividual variation and confounding clinical
parameters precluded consistent replication of these findings, the
investigations led to the hypothesis that the pathogenesis of affective
disorder may be related to membrane dysfunction (Lenox and Hahn, 2000).
Na/K –ATPase activity in RBCs from patients is reduced in the
depressed phase of both unipolar and bipolar patients, which may account

for the increased retention of sodium that had been reported by many
groups. In addition, in light of the fact that free Ca++ concentration parallels
free sodium, the reduced Na/K –ATPase activity in patients may, in part,
account for findings that intracellular Ca++ is increased in peripheral blood
cells of bipolar patients. Interestingly, when bipolar patients were treated
with lithium, Na/K –ATPase activity was found to be increased, which is
consistent with observations of reduced Ca++ following treatment (Lenox
and Hahn, 2000).
Another candidate lithium transporter is the Na-K-2Cl cotransporter
(NKCC2, BSC1), which is found in the apical membrane of the thick
ascending limb of the loop of Henle and is inhibited by furosemide. NKCC2
(BSC1) catalyzes the electroneural transport of one sodium, one potassium,
and two chloride ions. In this transport scheme, lithium can substitute for
sodium, but this varies with tissue and species and has been demonstrated
for membrane vesicles from rabbit medullar thick ascending limb, ascites
tumor cells, and in the Madin-Darby canine kidney cell line (Timmer and
Sands, 1999).
Another possible pathway for lithium transport into cells is by
substitution of lithium for sodium or sodium-dependent cotransport
pathways, such as sodium-glucose, sodium-amino acids, sodiumphosphate, or sodium-dicarboxylic acids. These cotransport systems are
generally localized to the proximal tubule. Several sodium-amino acid
cotransporters are activated by lithium, albeit at only 5 to 20% of the rate
sodium activates these same cotransport systems. However, lithium will
not, or will only poorly, substitute for sodium on the renal forms of the
sodium-glucose, sodium-dicarboxylic acid, and the sodium-phosphate
cotransporters. In contrast, the intestinal sodium-dicarboxylate
cotransporter readily accepts lithium as a substitute for sodium, showing
approximately 50% of the transport activity compared with sodium, and the
erythrocyte sodium-phosphate cotransporter is activated by lithium,
showing approximately 20% of the activity compared with sodium (Timmer
and Sands, 1999).
Leak is a downhill lithium transport system inhibited by dipyridamole
(and partly by phloretin). Sodium and potassium may share this pathway
(Birch, 1999).
Anion exchange allows lithium cotransport with carbonate via ouabain
and phloretin insensitive route. In solution, the divalent carbonate ion
(always present in a bicarbonate solution) is capable of forming negatively
charged ion pairs with sodium (Na+ + CO22-)- or lithium (Li+ + CO22-)- which
then gain access to the anion exchange system. The single charged ion
pair exchange for a monovalent anion such as chloride. This is probably a
physiological route for sodium, but not for potassium, which is incapable of
forming the ion pair with carbonate. The locus of this mechanism is
probably the “band III protein” described by Cabantchik for erythrocyte
anion transport (Birch, 1999).
The pathways for transporting lithium out of cells are more limited,
resulting in lithium accumulating intracellularly. It is important to realize that

lithium does not equilibrate passively between intracellular and extracellular
compartments. If lithium equilibrated passively across cell membranes, the
lithium cell-to-plasma concentration ratio would be approximately 10 to 30
because of the negative membrane potential (-60 to –90 mV) of most cells.
However, the measured cell-to-plasma lithium concentration ratio is actually
much lower. For example, a ratio of 2 to 4 is found in rat vascular smooth
muscle cells, rat brain slices, cultured neuroblastoma cells, and rat skeletal
muscle cells. Thus, lithium must be actively transported out of most cells
(Timmer and Sands, 1999).
Lithium efflux occurs via sodium-lithium countertransport, which is
ouabain insensitive, blocked by phloretin, independent of ATP and exhibits
saturation. It is thought that lithium substitutes for sodium in a Na+-Na+
countertransport system whose physiological function is unclear. 1:1
stoichiometry occurs and the maximum affinity for both cations occurs at
the internal surface, that for lithium being 20 to 30 times higher than for
sodium (Birch, 1999).
Since most data seem to indicate that lithium achieves an
approximately equal distribution across the plasma membrane barrier while
leading to only small depolarizations, it should be appreciated that the
predominant form of lithium transport must be efflux to oppose any resting
conductances that would tend to concentrate positively charged ions within
the negatively charged intracellular milieu, which is reflected in reported
brain: serum ratio in the range of 0.76. While it is the balance of resting
lithium conductance and net transport-efflux mechanisms that regulate
steady-state lithium homeostasis, the gating of ion channels on the time
scale of the channel activity will alter this homeostasis to varying degrees.
Thus, activation of voltage-dependent sodium channels may play a
significant role in the regulation of intracellular lithium concentration in
neurons, such that lithium concentration might be elevated in active
neurons, on the basis of the influx of lithium through sodium channels.
However, simple calculation reveals that the flux of lithium through voltagedependent sodium channels is unlikely to be important in the regulation of
lithium homeostasis, even on a short-term basis or as a consequence of
high levels of neuronal activity. Moreover, in the local environment of a
dendritic spine, the surface area to volume ratio becomes relatively large,
such that the lithium component of a synaptic current can cause very
significant increases in the local lithium concentration – as much as a
fivefold to tenfold increase in intracellular lithium following a train of synaptic
stimuli. Such an activity-dependent mechanism for creating focal increases
of intracellular lithium at sites of high synaptic activity may be crucial for
lithium’s therapeutic specificity and ability to regulate synaptic function in
the brain (Lenox et all, 1998).
Lithium-sodium countertransport (LSC), anion exchange and the leak
mechanism are thought to be most important transport routes for lithium in
vivo. All are potentially bidirectional, but the overall direction of flow under
physiological conditions is efflux from the cell using LSC and cell uptake

with the anion exchange mechanism. A proportion of both cellular uptake
and efflux of lithium can be attributed to passive diffusion.
Lithium efflux from human erytrocytes eventualle becomes inhibited
by approximately 50% in people whose plasma contains lithium at
prophylactically effective concentrations. This involves a decrease in the
apparent affinity of countertransport mecanism for lithium associated with a
threefold increase in the apparent Km, without any change in the
countertransport rate Vmax. This delayed inhibition of sodium-lithium
countertransport is not due to humoral factor or to delays. A slow process in
the erythrocyte, possibly involving structural changes in the membrane or
affecting membrane-bound enzymes has been suggested as the
mechanism for this change. These observations may explain the relatively
long, but variable, period of time required for the beneficial effects of lithium
to become clinically apparent, and show that lithium uptake and efflux
experiments using cells from subjects who have not had recent exposure to
lithium may not reflect accurately events in stabilezed lithium treated
patients. Furthermore, incubation of cells in protein-free electrolyte media
has been shown to alter erytrocyte lithium transport.
The absorption of lithium by the gut has been widely studied. The
pharmacokintetic mechanism have clinical significance, however because
of the use of differing formulations and treatment regimes. Lithium is always
administered orally, thus making the charactersitics of its intestinal
absorption of critical importance. The jejunum and ileum are the primary
sites of absorption of lithium following oral administration suggests that litlle
physiological control is being exerted at the intestinal mucosal level.
It is important to recognize that the transfer of materials from the
lumen of the gut to the blood stream may pass via two rotes. There may be
absorption via the intestinal cell or there may be a passage around the cell
via so-called paracellular transport. The epithelial cells in the mucosa are
embedded in the underlying connective tissue and are attached to each
other via a system of desmosomes which form the tight junctions. All
epithelia have such a structure and the spaces between these cells may be
more or less of a barrier to penetration through the membrane. In the case
of the intestine, many of these epithelia are considered to be „leaky” and a
significant portion of intestinal transport occurs via paracellular routes. Such
paracellular transport is dependent largely upon the bulk flow of water from
the lumen to the blood side. Ligands which occur in the intestinal lumen
may form complexes which will be carried via bulk flow fluid transfer.
By contrast absorption of substances via the epithelial cells requires
the passage of the substance across both the mucosal and the serosal
membrane of the cell, together with translocation within the cell interior. A
number of metal ions may be absorbed in this way or extruded by the
various ATP-ase pumps which may be interlinked to incorporate
mechanisms for the absorption of vital cellular fuels such as glucose and
amino acids. Some epithelial cells contain proiteins which may shown to
bind particular metals. However, the fact that these binding substances
exist in intestinal cells does not mean that they are the major route of

absorption of these metals and it is possible that the various binding
proteins may be present in the intestine purely for the defense of the
homeostasis of the intestinal cells themselves against high and low
concentrations of the metal in their mucosal environment.
The idea that metal ions may transfer passively in bulk across the
intestinal mucosa without the involvement of a carrier protein or some other
facilitated or active transport mechanism has not been recognized by those
who seek to explain all intestinal absorption entirely in terms of complexing
species present in the gut lumen or the intestinal mucosa.
4. Lithium and membrane electricity
Three different regions of the vertebrate central nervous system
maintained in vitro (frog spinal cord, guinea pig olfactory cortex and
hippocampus) can be used to investigate how Li+ influences membrane
potential, membrane resistance, action potentials, synaptic potentials and
the transmembrane K+ -distribution of neurons and glial cells. In view of the
therapeutic action of Li+ in manic-depressive disease, a special effort was
made to determine the threshold concentration for the actions of Li+ on the
parameters described above. It was observed that Li+ induced membrane
depolarisation of both neurons and glial cells, a decrease of action potential
amplitudes, a facilitation of monosynaptic excitatory postsynaptic potentials
and a depression of polysynaptic reflexes. The membrane resistance of
neurons is not altered. Li+ also induces an elevation of the free extracellular
potassium concentration and a decrease of the free intracellular potassium
concentration. Furthermore, in the presence of Li+ a slowing of the recovery
of the membrane potential of neurons and glial cells, and of the extracellular
potassium concentration after repetitive synaptic stimulation was observed.
The threshold concentrations for the effects of Li+ are below 5 mmol/l in the
frog spinal cord and below 2 mmol/l in the guinea pig olfactory cortex and
hippocampus. The basic mechanism underlying the action of Li+ may be an
interaction with the transport-function of the Na+/K+ pump.
Besides a possible action on neurotransmitter metabolism and
receptor sites, there are several indications that Li+ might interact with the
distribution and transport of potassium and sodium in the central nervous
system. Li+ induces a decrease in the K+ concentration of brain slices.
Ullrich et al described an elevation of the extracellular K+ concentration in
the cerebellum of rats, which had been chronically treated with Li+.
Furthermore, Li+ inhibits the K+ reuptake of brain cortical slices after a
period of anaerobic incubation and also the K+ uptake into astrocytes in
primary cultures. Complementary to these observations is the well-known
interaction of Li+ with the electrogenic Na+/K+ pump, as judged from the Li+ induced decrease or blockade of a membrane hyperpolarization following
repetitive neuronal activity in rat or rabbit vagus nerve, in amphibian optic
nerve, in the crayfish stretch receptor and in primary afferents of the frog

spinal cord. The latter effect has been investigated mainly using rather high
concentrations of Li+, but it was also observed in the therapeutic range.
The application of LiCl into the superfusion solution, either by
exchanging it for an equimolar concentration of NaCl, or by adding it to the
normal saline, results in an elevation of the free extracellular K+
concentration, [K+]e, in the isolated frog spinal cord and in the guinea pig
olfactory cortex.
Several experiments were observed to demonstrate that voltage
changes measured by the K+ -ion-sensitive microelectrodes in the presence
of Li+ were indeed caused by an increase of [K+]e. In addition to its effects on
the [K+]e-baseline, Li+ also exhibits an influence on the [K+]e –decay phase
after repetitive synaptic stimulation.
Li+ induces a membrane depolarisation in frog spinal motoneurons
and in neurons of the guinea pig olfactory cortex. Spinal motoneurons of the
frog did not show a clear change of the resting membrane potential at 5
mmol/l, whereas 15 mmol/l LiCl produces a depolarisation of 3.2±1.2 mV.
Li+ has a fast onset of action and recovery from the Li+ induced membrane
depolarisation can be observed within few minutes after washing with
normal -Ringer solution. In olfactory cortex neurons, a clear membrane
depolarisation was detected. This depolarisation is concentrationdependent and ranges between 2.5 and 5 mV at 5 mmol/l Li+, and between
6 and 8 mV at 15 mmol/l Li+.
In the spinal cord, a post-tetanic membrane hyperpolarization of
motoneurons is typically observed after repetitive stimulation of a dorsal
root (10-20 Hz; 10-20 s). It is very likely, that this hyperpolarization results
from the activation of an electrogenic Na+/K+ pump. 15 mmol/l LiCl reduces
or even abolishes this post-tetanic membrane hyperpolarization. In addition,
there is a membrane depolarization and an increase of spontaneous
synaptic potentials. Also in the olfactory cortex, a Li+ -induced change in the
post-tetanic behaviour of neurons can be seen. However, in contrast to the
uniform appearance of a post-tetanic hyperpolarization in frog
motoneurons, more variable post-tetanic recovery phases can be observed
in olfactory cortex neurons.
It was investigated how lithium influences the amplitude of action
potentials in spinal and cortical neurons. In the spinal cord, no change of
the action potential amplitude was observed with 5 mmol/l Li+. However, 15
mmol/l Li+ , a concentration that produces a membrane depolarization of the
motoneurons, decreases the amplitude of synaptically induced action
potentials. A Li+ -induced decrease in the amplitude of synaptically induced
action potential can be observed in neurons from the guinea pig olfactory
cortex.
The effects of Li+ on glial cells were investigated using olfactory cortex
slices. The application of Li+ results in a membrane depolarization and a
slowing of the membrane potential recovery phase after repetitive
stimulation. Quantitatively, a membrane depolarization of 2.2±1 mV during
5 mmol/l Li+ can be seen. A dependence of the Li+-induced membrane
depolarization on the resting membrane potentials of the glial cells was

observed. The amplitude of the depolarization is maximal at high resting
potentials.
It has been shown that Li+ (15 mmol/l) reduces the amplitude of
polysynaptic reflexes and increases the frequency of spontaneous synaptic
activity in the isolated spinal cord of the frog. Both effects could be imitated
by an elevation of the extracellular potassium concentration from 3.6 to 4.6
mmol/l. Effects of Li+ on the CNS are mainly due to an alteration of the
potassium homeostasis leading to a membrane depolarization.
The effects of Li+ on the electrical activity and potassium ion
distribution of frog spinal cord, guinea pig olfactory cortex and hippocampus
seem to be mainly a consequence of an interaction of Li+ with the transport
function of the Na+/K+ pump (Grafe et all, 1983).
Li+ may have 3 sites of action on Na+/K+ pump:
a) Li+ might compete with K+ for a common extracellular binding site.
This possibility is supported by the demonstration that the uptake of Li+ into
neurons of primary brain cell cultures, neuroblastoma cells,
neuroblastoma/glioma hybrid cells and in brain slices depends on the
extracellular K+ concentration. Low [K+]e facilitates, whereas high [K+]e
inhibits, the Li+ uptake. Ouabain reduces the uptake of Li+ into human
neuroblastoma cells by up to 50%. Furthermore, Li+ inhibited the potassium
reuptake in brain cortical slices after a period of an anaerobic incubation
and also the K+ uptake into astrocytes in primary cultures. Finally, it is also
known that Li+ is able to substitute for K+ in activating the transmembranal
Na+ transport.
b) Li+ influx into intracellular space of neurons may decrease the free
intracellular Na+ concentration and thereby result in a reduced stimulation of
the Na+/K+ pump from the interior of the cell. In fact, a diminution of [Na+]I in
the presence of high extracellular Li+ concentrations has been described in
the crayfish stretch receptor and in neurons of the snail after the application
of 40 mmol/l Li+ and even with 1 mmol/l. The decrease of [Na+]I may show
up quite rapidly, since Li+ is able to enter neurons within 1 min after
reaching the extracellular membrane surface. The time course of the Li+ induced membrane depolarization is therefore consistent with an
intracellular site of action of Li+. Thomas using direct injections of Li+ -ions
into snail neurons has obtained evidence that Li+ does not activate the Na+ site of the Na+/K+ pump.
c) A third possibility is that Li+ may change the electrogenic Na+/K+
pump mode to an electroneutral K+/K+ pump mode, as suggested by Duhm.

5. Lithium and phosphoinositide cycle
Lithium reduces brain inositol levels, and considerable research
focused on the role of inositol in the mechanism of action of lithium
(Belmaker et all, 1998). Allison and Stewart (1971) were the first to report
an effect of lithium on inositol metabolism (del Rio et all, 1998).
Phosphoinositede –based signalling brings to the cell an incredibly rich
modulation potentiality, keeping in mind the presence of six hydroxyl groups
on the inositol ring which can be found in a phosphorilated state. The first
round of phosphoinositide-derived second messengers arrived with inositol
1,4,5 trisphosphate (Ins(1,4,5)P3) and DAG. They derive from PLC
hydrolysis and PtIns (4,5)P2, a minor lipid constituent of cell membranes.
The former releases Ca2+ from intracellular stores, while the later activates
certain PKC isoforms. Ins(1,4,5)P3 can be further phosphorylated to inositol
(1,3,4,5) tetrakisphosphate, a molecule that may also have second
messenger functions. It can in turn be a substrate for phosphatases and
kinases and yield inositol (3,4,5,6) tetrakisphosphate, whose functions on
the inhibition of the ionic conductance through Ca2+ - activated chloride
channels is well reported. It seems likely that a family of phosphoinositols
downstream of Ins(1,4,5)P3 could be used by cells to modulate specific
functions.
But not only water soluble phosphates can be used by the cell to exert
metabolic control, lipids can also do the job, this time as tethers for proteins
at cellular membranes. Pleckstrin homology (PH) domains present in many
different proteins (including PLC and PLD) bind to PtIns (4,5)P2 or PtIns
(3,4)P2, and permit or facilitate their anchorage to membranes. PtIns(3)P
specifically binds to a module called FYVE domain, also present in many
proteins. Alternatively, those lipid groups might be important for catalysis,
and it seems to be the case for enzymes like PLD.
So, both inositols and inositol lipids provide a complex level of
regulation to the cell. Therefore, it looks feasible that interference in the
phosphoinositide cycle could easily lead to deregulation of cellular
functions. The nervous system is a site of intense inositol turnover, since
the transduction pathways of numerous neurotransmitters, neuropeptides
and hormones involve receptor-mediated hydrolysis of PtIns (4,5)P2 by PLC
isoforms. The resultant production of Ins (3,4,5)P3 is rapidly metabolized
and returned to free inositol as a „shut down” mechanism. The myo-inositol
can then be incorporated to phosphoinositides by means of
phosphatidylinositol synthase, thereby closing the cycle. Lithium has been
shown to inhibit effectively IMPs, thus breaking up the cycle and resulting in
the accumulation of inositol monophsphatases.
The monophosphatase occupies a pivotal position in inositol
homeostatic mechanisms because it resides at the confluence of two
distinct pathways for the maintenance of intracellular inositol levels: the
recovery of inositol following the activated breakdown of phosphoinosited,
and a separate route for the de novo synthesis of inositol from glucose
(Berridge et all, 1989).

A lithium inhibition of purified inositol polyphosphate 1-phosphatase,
which metabolizes Ins(1,4)P2, Ins(1,3)P2, and Ins(1,3,4)P3, has also been
reported. Many studies also clearly demonstrate an increase in inositol 1phosphate (Ins1P) and inositol 4-phosphate (Ins4P) in brain following
systemic injections of lithium to rats. Four hours after lithium administration
a 15-30 fold increase in inositol monophosphates can be observed when
compared to saline treated animals, and concomitant decrease of inositol is
also found. Based of these findings, the inositol depletion hypothesis
considers that in tissues with relative deficiency of inositol, persistent
activation of PLC in the presence of lithium would lower cellular inositol
concentration, leading eventually to the depletion of PtIns(4,5)P2 and the
impairment of DAG/calcium signalling (Berridge et all, 1989).
Lithium inhibits IMPs in vitro with a Ki (0.8mM), which is within the
therapeutic range (0.5-1.5mM) for lithium treatment of patients with bipolar
disorder. Additional support for the inositol depletion hypothesis comes
from the marked effects of lithium on developing organisms. Exposure to
millimolar concentrations of lithium during an early stage of development
causes expansion and duplication of dorsal and anterior structures in
Xenopus embryos. These lithium concentrations can inhibit IMPs in vivo
and cause 30% drop of inositol levels. Interestingly, those teratogenic
effects of lithium in Xenopus could be overcome simply by coinjection of
inositol. Similarly, effects of lithium (in addition to valproic acid and
carbamazepine, two other drugs commonly used in the treatment of bipolar
disorder) on neuronal plasticity, in particular the observed increase in
growth cone area of sensory neurons, can be counteracted by inositol
addition, thus implicating inositol depletion in their actions.
Further support for the inositol depletion hypothesis comes from the
observation that neurotransmitter-stimulation of PLC in presence of lithium
leads to a dramatic accumulation of CDP-DAG. PtdIns synthase reaction
therefore mirrors inositol depletion.
Muscarinic stimulation of the phosphoinositide system blocks synaptic
inhibitory actions of adenosine in hippocampal slice. Therapeutic
concentrations of lithium selectively impair Muscarinic cholinergic
responses in the hippocampus that are mediated by PI cycle. In
hippocampal slices, lithium elevates concentrations of inositol 1-phosphate
in the presence of Muscarinic agonists. Lithium treatment of rats in vivo
reduces muscarinic stimulation of PI turnover in brain slices, which has
been measured biochemically (Worley et all, 1988).
Li+ inhibits the dephosphorylation of four of the inositol
monophosphates as well as two inositol biphosphates, thereby increasing
brain levels of inositol monophosphates and two-biphosphates, and
reducing levels of myo-inositol. Various biological effects of lithium can be
reversed by addition of myo-inositol in vitro (Belmaker et all, 1998).
Although attractive and seminal, the “inositol depletion hypothesis”
has been questioned on the grounds that, even with toxic doses of lithium,
the brain’s depletion of inositol is only small and might be restricted to acute
treatment. Furthermore, although in vitro and ex vivo experiments indeed

showed an attenuation of agonist-stimulated inositol phosphate formation in
brain slices of lithium-treated rats, these effects were apparently caused by
an exaggerated depletion of inositol in the slice system and were not
observed in other species, in which the supply of inositol is not as readily
compromised. It has been argued, however, that a lithium-induced
depletion of inositol might be limited to selected brain areas or even cells
that might be particularly vulnerable to this effect because of restricted
inositol supply and/or increased activity of the inositol phospholipid second
messenger system. IMPase activity is lowest in cerebellum, highest in
occipital cortex, and medium in frontal cortex (Belmaker et all, 1998).
Although inositol depletion is an attractive model, some
inconsistencies make it possible that inhibition of IMPs is necessary but not
sufficient to account for the effects of lithium in some settings. The most
direct is that selective inhibitors of IMPs (Bisphosphonates) have no effect
on the development of Xenopus embryos, despite complete inhibition of
IMPs (Klein and Melton, 1996). A novel hypothesis to explain lithium actions
on embryonic development and other cellular functions is based on the
observation that lithium is a direct inhibitor of GSK-3.
The inositol depletion hypothesis of lithium action has been criticized,
because depletion of inositol after chronic Li treatment has not been
reproducible, effects of inositol to reverse Li-induced behaviours occurred
also with epi-inositol, an unnatural isomer, and because inositol is
ubiquitous in brain and hard to relate to the pathogenesis of affective
disorder. Lithium depletion of brain inositol occurs chronically in the
hypothalamus (Belmaker et all, 1998).
There is indeed experimental evidence to show that inhibition of IMP
does underlie some of lithium’s acute effects. In yeast, for example, acute
lithium administration induces a prolongation of the ultradian period
(normally around 30 minutes) in a cellular variable called the “septation
index”.
Overexpression of the human IMP markedly increases the lithium
concentration necessary for this effect, suggesting that this lithium effect
depends on IMP inhibition. However, numerous studies have examined
lithium’s effects on CNS-receptor-mediated phosphoinositide responses,
and although some have shown a reduction in agonist-stimulated PIP2
hydrolysis in rat brain slices following acute lithium administration, these
changes have often been small, inconsistent, and subject to the studies’
numerous methodological differences. Most recently, a magnetic resonance
spectroscopy study demonstrated that lithium-induced myoinositol
reductions are observed in the frontal cortex of patient with bipolar disorder
after only 5 days of lithium administration, at a time when the patients’
clinical state is completely unchanged. Consequently, these and other
studies suggest that while inhibition of IMP may be an intriguing lithium
effect, reduction of myoinositol levels itself does not underlie lithium’s
therapeutic effects. The hypothesis that these effects initiate a cascade of
changes in PKC signaling and gene expression, effects that are ultimately

responsible for lithium’s therapeutic effects, is discussed later (Ikonomov
and Manji, 1999).
6. Lithium and GSK-3β
In recent years a hitherto unexpected target for lithium’s acute effects
has been identified. Klein and Melton were the first to demonstrate that
lithium, at therapeutically relevant concentrations, is an inhibitor of GSK-3β
in vitro. GSK-3β is an evolutionary highly conserved kinase, originally,
identified as a regulator of glycogen synthesis. Overexpression of a
negative GSK-3β mutant (a biologically inactive version of the enzyme
inhibiting the endogenous protein) also induces dorsalization of the
Xenopus embryo, indicating the important role of GSK-3β in this teratogenic
lithium effect. It is now known that GSK-3β plays an important role in the
CNS, by regulating various cytoskeletal processes through its effects on
Tau and Synapsin I and by inducing long-term nuclear events through
phosphorylation of c-Jun and nuclear translocation of β-catenin. Lithium is
known to bring about a variety of biochemical effects, and it is unclear
whether inhibition of GSK-3β is a therapeutically relevant effect (Ikonomov
and Manji, 1999).
The developmental phenotype that is induced by lithium in Xenopus is
similar to that cause by alteration in the expression of Wnt proteins. GSK-3
is a serine/threonine kinase that controls glucose utilization, cell survival
and cell fate through involvement in multiple signalling pathways. It was
named for its ability to phosphorylate, and thereby inactivate, glycogen
synthase (GS), a key enzyme for the synthesis of glycogen. GSK-3β is
phylogenetically close to cyclin-dependent protein kinases (Cdks) and
MAPKs. Two isoforms sharing 97% sequence similarity have been cloned,
GSK-3α and GSK-3β. We now know that insulin treatment results in the
phosphorylation of GSK-3 at a N-terminal serine residue (Ser21 in GSK-3α
and Ser9 in GSK-3β) by protein kinase B (PKB, also called Akt). Thus, in
response to insulin, PtdIns 3-kinase dependent pathway is activated, PKB
is turned on promoting GSK-3 phosphorylation (that renders it inactive)
resulting in the dephosphorylation of GS and thus in the stimulation of
glycogen synthesis. Insulin, by inhibiting GSK-3, also stimulates the
dephosphorylation and activation of eukaryotic synthesis. MAPK-activated
protein kinase-1 (MAPKAP-K1, also called RSK) provides a route for the
inhibition of GSK-3 by growth factors and other signals that activate MAPK
pathway. Another kinase that phosphorylates GSK-3 at Ser21/Ser9 in vitro is
p70 ribosomal S6 kinase-1 (S6K1). S6K1 is regulated by mammalian target
of rapamycin (mTOR), a protein that senses the presence of amino acids in
the medium. Therefore, S6K1 phosphorylation of GSK-3 may underlie the
observed inhibition of GSK-3 induced by amino acids.
Being clarified its metabolic role on glycogen synthesis, GSK-3 reemerged this time as an essential kinase in embryonic development and
patterning in studies conducted in Xenopus and Drosophila, and also
involved in cell cycle control in mammals. GSK-3 is now regarded as an

essential component of the Wnt signaling pathway. In the absence of Wnt
signal, active GSK-3 is present in a multiprotein complex that targets βcatenin for ubiquitin-mediated degradation. This complex includes the
scaffolding protein axin, the product of the adenomatous polyposis coli
(APC) gene and β-catenin itself. In vitro, GSK-3 phosphorylates β-catenin
on residues 33, 37 and 41, and this is proposed to permit β-catenin
ubiquitination. GSK-3 requires a priming phosphorylation in position+4.
Casein kinase I in vitro phosphorylated Ser45. Thus, the combined
phosphorylation of β-catenin by casein Kinase I first and than by GSK-3
seems to be required for β-catenin ubiquitin-mediated degradation. The
binding of Wnt to the seven-transmembrane-spanning receptor frizzled
causes inactivation of GSK-3 leading to increased levels of cytoplasmic βcatenin and its translocation to the nucleus, where it associates with
TCF/LEF transcription factors and enhances transcription of target genes.
Thus, GSK-3 must be inactivated for the Wnt signalling to proceed.
Disturbance in the Wnt signalling of Xenopus or Dyctiostelium, either by
mutation or drug inhibition of any of the molecular components, causes
severe developmental abnormalities. In mammals, GSK-3 has been
implicated in cell cycle regulation, supported by the finding that a
surprisingly high rate of mutations of elements of the Wnt pathway have
been found in different tumors. Therefore, a tight control of β-catenin levels
by GSK-3 seems important for a normal cell cycle to proceed. Cancer
causing mutations often enable β-catenin to accumulate, resulting in the
transcription of oncogenic genes under TCF/LCF control. Identified
mutational hotspots are proteins of the complex that targets to the
proteasome, like APC. As an example, some 80% of colon cancers contain
a mutation in APC gene.
The elucidation of GSK-3 three-dimensional structure shed some light
on its inhibition mechanism. Inhibition of GSK-3 by insulin and growth
factors is mediated by phosphorylation at Ser9, turning the N-terminus into a
pseudosubstrate inhibitor that competes for binding with the “priming
phosphate” of substrates. In contrast, Wnt proteins are thought to inhibit
GSK-3 in a completely different way, since no phosphorylation on Ser9 has
been reported in response to Wnt glycoproteins.
Lithium, which inhibits uncompetitively GSK-3 in vitro, has been a
valuable tool in identifying potential roles of GSK-3. The Ki is reported to be
within the effective range for lithium actions (1-2mM). In vivo, millimolar
concentrations of lithium have also been reported to inhibit GSK-3. Lithium,
by inhibiting GSK-3, behaves as a mimetic of Wnt signaling during
embryogenesis, while also capable of mimicking the actions of insulin on
activation of GS. In Xenopus, lithium causes duplication of the dorsal
mesoderm while in Dyctiostelium exposure to lithium during early
development blocks spore cell fate and promotes formation of stalk cells.
Since GSK-3 has been involved in the embryonic patterning, those
teratogenic effects can be explained by lithium inhibition of GSK-3. In
mammalian cells, lithium leads to nuclear accumulation of β-catenin,

affecting cell proliferation either positively or negatively depending on the
cell type. In BAEC cells, Lithium arrested cell cycle and this effect was
attributed to lithium-induced accumulation of β-catenin and to stabilization
of p53.
Neuronal differentiation in lithium-treated cell is preceded by the
accumulation of β-catenin, a protein which is efficiently proteolyzed when it
is phosphorylated by glycogen synthase kinase-3. Both neuronal
differentiation and β-catenin accumulation are observed in lithium-treated
cells either in the absence or in the presence of supraphysiological
concentrations of inositol.
The activation of β-catenin signaling has been mainly associated with
the promotion of cell proliferation in a variety of non-neural cell lines, thus
implicating the β-catenin gene as a potential oncogene in certain
mammalian cells (Julia Garcia-Perez, 1999).
In summary, the evidence in support of GSK-3 as a relevant target of
lithium action includes: a) in vitro inhibition, b) in vivo inhibition, c) lithium
mimicking the embryonic phenotype of GSK-3β loss of function mutants, d)
downstream inhibition of Wnt signalling blocking the effects of lithium, e)
alternative inhibitors of GSK-3 (SB216763, SB45286) mimicking lithium
actions.
During embryonic skeletogenesis, Wnt components act as both
positive and negative regulators of key events, including chondroblast
differentiation, chondrocyte maturation, and joint formation (Karen E. Yates,
2004?).
β-catenin is a cytoplasmic protein that plays essential roles in two
different cellular processes: calcium-dependent intercellular adhesion and
Wnt-mediated transcriptional activation (Cara J. Gottardi and Barry M.
Gumbiner, 2004).
The Wnt genes encode a family of signaling proteins that mediate a
variety of critical intercellular signaling events in animal development and
adult tissue homeostasis. Secreted Wnt proteins act on target cells by
binding cell surface receptors belonging to the Frizzled family. These
receptors activate one of at least three different intracellular pathways: the
‘canonical Wnt/β-catenin’ pathway, the ‘Wnt/planar polarity’ pathway and
the ‘Wnt/Ca2+’ pathway (A. Primus And G. Freeman, 2005).
In some cellular contexts, Wnt-5 paralogues activate the Wnt/Ca2+
pathway, which involves Ca2+ release from intracellular stores, stimulation
of protein kinase C (PKC), the Ca2+/calmodulin-dependent kinase CamKII,
and the Ca2+-dependent transcription factor NFAT.
Wnt/Ca2+ signaling has previously been implicated in specification of
ventral cell fates in Xenopus. Interference with the phosphatidylinositol (PI)
cycle – an important signaling pathway that leads to intracellular Ca2+
release – likewise dorsalizes Xenopus and zebrafish embryo. Lower doses
of PI cycle inhibitors can phenocopy the morphogenesis defects of zygotic
Wnt-5 mutants. These results indicate that Wnt-5 may indeed be required
for calcium signaling and might regulate gastrulation movements via the
Wnt/Ca2+ pathway (Gilbert Weidinger and Randall T. Moon, 2003).

A number of signaling pathways regulate GSK-3 function. For
example, protein kinases including Akt, p70 S6 kinase, Rsk, protein kinase
C (PKC), and camp-dependent protein kinase (PKA) deactivate GSK-3 by
phosphorylation of an inhibitory serine site. GSK-3 has a larger number of
targets within the cell. The effects of GSK-3 on transcription factors such as
c-Jun, heat shock factor-1 (HSF-1), and nuclear factor of activated T cells
(NFAT) are particularly noteworthy, and have drawn considerable interest.
Generally, GSK-3 activity results in suppression of activity of transcription.
Conversely, inhibition of GSK-3 appears to activate these transcription
factors. Thus, GSK-3 is well positioned to integrate signals from multiple,
diverse, signaling pathways, a function that is undoubtedly critical in the
CNS. It is hypothesized that GSK-3’s modulatory position in the cell allows
it to be a critical of many of the plastic processes that are thought to
underlie the therapeutic effects of lithium.
Overexpression of GSK-3 in the neonatal mouse results in smaller
overall brain volume (Todd D. Gould, 2004).
The fact that inhibiting GSK-3 results in antiapoptotic effects strongly
implicates this enzyme as a mediator of lithium’s neuroprotective effects.
Recent evidence suggests that the behavioral effects of lithium, at
least in rodent models, might also be due to inhibition of GSK-3.
Specifically, administration of GSK-3 inhibitors results in antidepressantlike effects in the forced swim test paradigm following either intracerebral
ventricle injections in mice and peripheral administration to rats, or lithium
administration to mice. O’Brien et al. have also recently examined the
behavioral effects of knocking out a single copy of GSK-3β, finding similar
antidepressant-like behavior to pharmacological inhibition (i.e. increased
mobility in the forced swim test), which correlated with the effect of lithium
administration. Further supporting the hypothesis is the fact that the effects
of antidepressants might be mediated in a GSK-3β-dependent manner; Li et
al. reported that inhibitory (serine9) phosphorylation of GSK-3 is acutely
increased by increasing serotonin levels through a variety of
pharmacological mechanisms including common antidepressants. Thus,
GSK-3 inhibition might represent a therapeutically relevant downstream
consequence of antidepressant drugs that initially target serotonin levels
(Alyssa M. Picchini, 2004).
β-Catenin-mediated transcription is activated by the Wnt pathway,
which is crucial during various stages of embryonal development. Activation
of Wnt signaling involves the inhibition of β-catenin degradation by the
proteasomes, resulting in its nuclear accumulation and transcriptional
activation of LEF/TCF target genes (Conacci-Sorrell, 2002).
The GSK-3β inhibitor, lithium, inhibited the increase in tau
phosphorylation. Lithium partially blocked the Golgi disassembly. The Golgi
apparatus has been shown to be fragmented and atrophic in
neurodegenerative disorders including Alzheimer’s disease and
amyotrophic lateral sclerosis.

GSK-3β-activation is involved in the disassembly of Golgi complex.
The structural integrity of the Golgi complex is dependent on microtubules.
Previous studies showed that the phosphorylation of tau affects its ability to
promote microtubule self-assembly. The state of GSK-3β, tau
phosphorylation and its association to the cytoskeleton could be regulated
through a signal transduction pathway mediated by Golgi toxins.
GSK-3β has been shown to contribute to pro-apoptotic signaling
activity in vitro. It has been suggested that apoptosis and tau
phosphorylation are concurrent, but not interdependent, events.
Golgi atrophy and fragmentation associated with GSK-3β activation
and tau phosphorylation could be an early phase of neuronal stress. This
could precede possibly other neuronal metabolic abnormalities observed in
neurodegenerative diseases (Wassim Elyaman, 2002).
The Wnts are a family of proteins that affect cell fate and
differentiation, including adipogenesis, myogenesis, neurogenesis, and
mammary development. In addition to playing a key role in adipogenesis,
Wnt signaling protects against apoptosis in cells exposed to cellular or
chemical stress (Kenneth A. Longo, 2002).
Glycogen synthase kinase-3β (GSK-3β) activity is negatively
regulated by several signal transduction cascades that protect neurons
against apoptosis, including the phosphatidylinositol-3 kinase (PI-3 kinase)
pathway. This suggests the interesting possibility that activation of GSK-3β
may contribute to neuronal apoptosis.
Inhibition of GSK-3β activity by the PI-3 kinase signaling pathway may
be a general mechanism for survival of neurons and non-neuronal cells.
Activation of the PI-3 kinase-Akt signal transduction system may promote
survival through several mechanisms, including inhibition of GSK-3β,
phosphorylation of proapoptotic proteins Bad, and phosphorylation of
caspase-9. This suggests that multiple mechanisms may work in parallel
downstream from PI-3 kinase to suppress apoptosis (Michal Hetman,
2000).
The phosphatidylinositol-3 kinase (PI-3 kinase)/protein kinase B
(PKB; also known as Akt) signaling pathway is recognized as playing a
central role in the survival of diverse cell types.
PKB phosphorylates GSK-3 in response to insulin and growth factors,
which inhibits GSK-3 activity and leads to the modulation of multiple GSK-3
regulated cellular processes (Darren A. E. Cross, 2001).
GSK-3α offers an attractive target for pharmacological agents aimed
at reducing the formation of amyloid plaques and neurofibrillary tangles, the
pathological hallmarks of Alzheimer’s disease. Lithium also protects
neurons from proapoptotic stimuli and could therefore reduce neuronal cell
death associated with Alzheimer’s disease (Christopher J. Phiel, 2003).
Dishevelled, an intracellular modular protein is required for the
activation of several Wnt signaling pathways, including the canonical Wnt/βcatenin pathway and the planar cell polarity (PCP) pathway. These
pathways are activated by a variety of Wnt ligands and receptors, and they
signal downstream to at least two different cascades. One pathway, the

canonical Wnt pathway, is mediated by GSK-3β and β-catenin and controls
normal cell growth and cell-fate specification. Aberrant regulation of this
pathway causes diverse development defects in organisms ranging from
Drosophila to mammals.
Another Wnt signaling pathway, the PCP pathway, signals via small
GTPases and activates c-Jun-N-terminal kinase (JNK) to control epithelial
cell polarity in Drosophila. Recently, the PCP pathway has also been shown
to regulate cell polarity during convergent extension movements in
developing Xenopus and zebrafish embryos.
Dishevelled is at the branch point of these pathways, and different
conserved domains within Dishevelled are required for the specific
activation of each pathway (Dong Yan, 2001).
GSK-3β has been shown to phosphorylate numerous substrates,
including several transcription factors such as c-jun, c-myc, and heat shock
factor-1, cytoskeletal proteins such as microtubule-associated protein tau,
and the multifunctional protein β-catenin. Thus it is now evident that the
activity of GSK-3β influences a wide variety of cellular functions, including
multiple signaling systems.
Although often considered to be a constitutively active enzyme, GSK3β can be both activated and inhibited. Activation has been shown to occur
subsequent to phosphorylation of Tyr216 and recently by transient increases
in intracellular calcium. Inhibition of GSK-3β can be induced by activation of
the Wnt pathway or by agents that activate a signaling cascade that
commences when growth factors or insulin bind to their respective
receptors, resulting in the recruitment and activation of phosphatidylinositol3 kinase. Activation of the phosphatidylinositol-3 kinase/Akt-signaling
pathway protects cells from pro-apoptotic stimuli as well as reducing the
activity of GSK-3β (Gautam N. Bijur, 2000).
β-Catenin was originally identified as a cytoplasmic protein that binds
to the cell adhesion molecule cadherin in cell-cell junction where it connects
cadherin to the actin cytoskeleton. It is also involved in the Wnt signaling
pathway to regulate developmental processes in a variety of organisms,
and in tumorigenesis.
Dishevelled leads to the inactivation of GSK-3β, causes the
accumulation of cytoplasmic β-catenin. High levels of β-catenin in the
cytosol result in its translocation into the nucleus and subsequent
interaction with the Tcf/Lef family of transcription factors to activate
expression of Wnt-responsive genes.
Lithium has marked effects on the embryonic development and
patterning in different organisms including Xenopus and Dictyostelium. In
Xenopus embryos, lithium causes axis duplication, resembling a phenotype
caused by overexpression of Wnt, dominant negative GSK-3β, or β-catenin.
In Dictyostelium, lithium alters cell fate determination, resulting in
transformation of pre-spore cells into pre-stalk cells. In isolated rat
adipocytes, treatment with lithium leads to increased glycogen synthesis.
The action of lithium has been previously attributed to depletion of inositol,
based on the observation that lithium inhibits inositol monophosphatase.

However, recent observations suggest that lithium may mimic Wnt signaling
by direct inhibition of GSK-3β, leading to the accumulation of cytoplasmic βcatenin (Rui-Hong Chen, 2000).
The transcription factor c-Jun is a key player mediating transcriptional
responses to stress, a function that is conserved among Jun family
members from yeast to mammals.
GSK-3 activity toward its substrates can also be regulated by an
entirely independent mechanism. The GSK-3-binding protein FRAT1 (for
frequently rearranged in advanced T-cell lymphoma type 1), also known as
GBP, binds to GSK-3 and prevents it from interacting with the scaffold
protein axin. This inhibits GSK-3 phosphorylation of select targets; thus, βcatenin phosphorylation by GSK-3 is blocked by FRAT1 expression in vivo,
whereas glycogen synthase phosphorylation is not. GSK-3 is understood to
be constutively active in resting cells and subject to negative regulation in
response to external stimuli. Consistent with this, neuronal GSK-3 is
activated upon the withdrawal of trophic stimuli, and the expression of
dominant-negative GSK-3 or the addition of small molecule GSK-3
inhibitors prevents apoptosis.
The scaffold protein axin that directs GSK-3 toward Wnt pathway
proteins and may separate this pool of GSK-3 from the insulin-regulated
pool regulates specificity of GSK-3 signaling. The existence of physiological
protein inhibitors of GSK-3 such as FRAT1 confers a further level of
regulation to this kinase. FRAT1 is a proto-oncogene first characterized as
a promoter of lymphogenesis and subsequently shown to play a role in
development. FRAT1 is also expressed in the brain, where nothing is
known about its physiological function. Ectopically expressed FRAT1 can
block AP1 gene activation, as well as Jun-Asp-induced death, in cerebellar
neurons. The protective influence of FRAT1 on neuronal survival, described
here and by others suggests that FRAT1 deserves attention as a putative
survival protein in neurons (Vesa Hongisto, 2003).
7. Lithium and apoptosis
Regulation of cell survival is crucial to the normal physiology of
multicellular organism. Perturbation of the cell survival mechanism can lead
to either excessive or insufficient cell death, which may result in
pathological conditions. Apoptosis, also refer to as programmed cell death,
is an evolutionarily conserved form of cell death critical form tissue
homeostasis. Neurotrophins and growth factors have been shown to inhibit
apoptosis and promote cell survival by signal transduction mediated
through the phosphatidylinositol 3-kinase (PI 3-K)/Akt cascade. The PI 3K/Akt pathway is preferentially activated by insulin and growth factors such
as insulin-like growth factor 1 (IGF-1) and platelet-derived growth factor
(PDGF). Akt, also known as PKB or RAC, is a multiisoform serine/threonine
kinase and downstream target of PI 3-K. Activation of Akt requires

phosphorylation by upstream PI-dependent kinases, which is preceded by
binding of PI 3-K products, PI-3,4,5-triphosphate (PI-3,4,5-P3) and/or PI3,4,-biphosphate (PI-3,4,-P2), to the plekstrin homology domain of Akt. PIdependent kinases activate Akt-1, the most frequently studied isoform of
Akt, by phosphorylation on Ser 473 and Thr 308. This reversible
phosphorylation is negatively regulated by protein phosphatase 2A.
Apoptosis induced by a low potassium-containing culture medium and
also that induced by glutamate, share in common the fact that they are
mediated primarily by activation of NMDA receptors. Thus it appears that
lithium is able to revert these two modes of apoptosis by interfering receptor
function.
Acute treatment with Li+ was found to protect cultured cerebellar
granule cells against apoptosis induced by low K+ (5 mM). Insulin also
protects against low-K+ -induced apoptosis of cerebellar granule cells. The
“inositol depletion” hypothesis for the action of Li+ has been rejected for lowK+ -induced apoptosis and also for different apoptotic signals. It is generally
believed that Li+ exerts his mood-elevating effects by the gradual downregulation of selective receptors. In an attempt to elucidate the molecular
mechanisms underlying the induction neuroprotection, it has been shown
that long-term treatment increases the expression of the antiapoptotic gene
bcl-2 (Mora et all, 1999).
Ceramide has been known for some years as an apoptotic signal in a
variety of cell types of neural and non-neural origin. The short chain, cell
permeable analog C2-ceramide promotes cell death in primary cultures of
cerebellar granule neurons with a half-maximally effective concentration of
around 60 µM. Co-addition of LiCl, together with C2-ceramide, resulted in a
dose-dependent prevention of neuronal death induced by C2-ceramide.
Ceramide-induced apoptosis may proceed through inhibition of the
antiapoptotic kinase Akt (an enzyme that phosphorylates and inhibits
glycogen synthase kinase 3 (GSK-3). GSK-3 plays a critical role in
regulation of apoptosis, as overexpression of this enzyme induces
apoptosis, whereas dominant-negative cells do not undergo apoptosis after
inhibition of phosphatidylinositol-3-kinase. Lithium could oppose the action
of ceramide on GSK-3, as it has been shown to inhibit directly this enzyme.
Interestingly, Nonaka et all discuss the possibility that NMDA receptors
could be targets for GSK-3. Taken together, these data present lithium as a
neuroprotective drug, whose action on GSK-3, either direct or mediated
through the phosphatidylinositol-3-kinase pathway by an as yet unknown
mechanism, may explain the broad range of apoptotic insults against which
it is effective (Centano et all, 1998).
Exposure of cells to glutamate induced a rapid and reversible loss of
Akt-1 phosphorylation and kinase activity. These effects were closely
correlated with excitotoxicity and caspase 3 activation and were prevented
by phosphatase inhibitors, okadaic acid and caliculin A. Long-term lithium
pretreatment suppressed glutamate-induced loss of Akt-1 activity and
accelerated its recovery toward the control levels. Lithium treatment alone
induced rapid increase in PI 3-K activity, and Akt-1 phosphorylation with

accompanying kinase activation, which was blocked by PI 3-K inhibitors.
Lithium also increased the phosphorylation of glycogen synthase kinase-3
(GSK-3), a downstream physiological target of Akt. Thus, modulation of Akt1 activity appears to play a key role in the mechanism of glutamate
excitotoxicity and lithium neuroprotection (Chalecka-Franaszek and
Chuang, 1999).
Excitotoxic neuronal death induced by glutamate has been shown to
occur through both necrosis and apoptosis, with apoptosis begin
predominant when the glutamate insult is relatively mild. Although
excitotoxicity is triggered by an exaggerated and prolonged rise in
intracellular Ca2+, little is known about the subsequent events that ultimately
lead to cell death. During cerebral ischemia, neurodegeneration is
associated with a massive efflux of glutamate, which contributes to
neuronal death by overstimulating glutamate receptors. IGF-1 has been
reported to reduce brain damage induced by hypoxic-ischemic injury and to
rescue rat cerebral cortical neurons from N-methyl-D-aspartate (NMDA)
receptor-mediated apoptosis in a PI 3-K-dependent manner. The
characteristics of neuronal apoptosis caused by growth factor withdrawal
and glutamate treatment in cultured neurons are strikingly similar,
suggesting that glutamate-induced apoptosis and growth factor-elicited
neuroprotection share a common target.
It is unclear whether the effects of lithium on Akt activity are related to
its therapeutic efficacy for the treatment of bipolar disorder. However, it is
likely that Akt activation is related to some side effects of lithium. For
example, the PI 3-K/Akt signaling cascade has been linked to the
pathogenesis of certain forms of leukemia. Lithium treatment is known to
cause leukocytosis and has been used to suppress leukopenia in patients
undergoing radiotherapy or chemotherapy. Lithium has also been known to
overcome leukocyte loss induced by carbamazepine, another drug used to
treat bipolar disorder. Activation of Akt may underline this aspect of lithium’s
clinical efficacy. Our results provided insight into how lithium and glutamate
mediate their effects in neurons, these findings could be used to develop a
novel intervention for neurodegenerative disorders (Chalecka-Franaszek
and Chuang, 1999).
8. Lithium and neurotransmitters
Lithium is a monovalent cation with complex physiologic and
pharmacologic effects within the brain. By virtue of the ionic properties it
shares with other important monovalent and divalent cations such as
sodium, magnesium, and calcium, its transport into cells provides ready
access to a host of intracellular enzymatic events affecting short- and longterm processes, Thus, it is apparent that both clinical and preclinical
investigations of the effects of lithium would result in the “dirty”
characteristics of its multiple interactions (Lenox et all, 1998).

Data related to neuroanatomical localization in brains of patients who
have manic-depressive illness are accumulated by using structural and
functional neuroimaging strategies, alterations in right hemisphere regions
related to limbic and frontal association areas have been of particular
interest. Several lines of evidence support the premise that lithium exerts its
therapeutic actions by acting at such specific neuroanatomical sites and/or
their cells of projection.
Atomic absorbance spectrophotometric, radiographic dielectric track
registration, and nuclear magnetic resonance studies indicate that lithium
does not distribute evenly throughout the brain after either acute or chronic
administration, but preferentially accumulates in forebrain diencephalons:
hypothalamus, and telencephalon structures: caudate and hippocampus.
Preclinical studies of the effects of lithium on neurotransmitter
systems have revealed changes, particularly in the 5-HT system, that are
specific to certain brain regions.
The relative regional and cellular distribution of overactive ligandgated ion channels in the brains of patients who have manic-depressive
illness may be important in dictating relative rates of lithium transport.
Studies assessing PI turnover after lithium administration indicate
regional differences in inositol depletion and agonist-stimulated [3H]IP
accumulation, primarily between forebrain structures and hindbrain
structures.
Moreover, the effects of lithium will be most apparent in cells not only
where inositol is limiting, but also those undergoing the greatest activation
of receptor-mediated PI hydrolysis.
Finally, regional brain distribution of PKC isozymes and alterations in
MARCKS expression after chronic lithium – hippocampus, may confer even
further specificity of action.
Collectively, these studies indicate that the long-term therapeutic
action of lithium may indeed possess cell and regional brain specificity that
underlies its prophylactic efficacy in the treatment of bipolar disorder (Lenox
et all, 1998).
Findings in clinical studies of lithium treatment have generally been
confounded by changes in affective state and associated changes in activity
level, arousal, and sympathetic outflow and have provided conflicting
evidence for an effect of lithium on norepinephrine levels and turnover
brain. On the other hand, preclinical studies appear to support an action of
acute lithium in reducing the β-adrenergic stimulated AC (adenylyl cycalse)
response, and chronic lithium in facilitating the release of noepinephrine,
possibly via effects on the presynaptic α2 autoreceptor, as well as blockade
of the β-adrenergic receptor supersensitivity after presynaptic depletion of
norepinephrine.
Clinical studies of dopamine metabolites in the periphery of bipolar
patients have similarly been confounded by mood and activity state.
Chronic lithium has been reported to prevent halperidol-induced dopamine
receptor up-regulation and induce supersensitivity to iontophoretically
applied dopamine or intravenous apomorphine. Interestingly, a number of

studies have reported a lack of effect if lithium is administered after the
induction of dopamine supersensitivity suggesting that in this model, lithium
exerts its greatest effects prophylactically. Lithium also appears to block
amphetamine-induced behavioral changes in both animals and humans.
Preclinical studies indicate that the effects of lithium on serotonin (5HT) function may occur at multiple levels and result in an enhancement of
serotonergic neurotransmission, although its effects on 5-HT appear to vary
depending on brain region, length of treatment, and 5-HT receptor subtype.
Interpretation of studies attempting to clarify the roles of presynaptic versus
postsynaptic receptors in mediating the effects of lithium on 5-HT function
have been confounded by the relative lack of understanding the numerous
receptor subtypes and their distribution, as well as the existence of subtypespecific agonists and antagonists. However, there is accumulating evidence
that lithium produces a subsensitivity of presynaptic inhibitory 5-HT1A
receptors, which can result in a net increase of the amount of 5-HT released
per impulse. These findings are consistent with observations that short-term
lithium enhances the efficacy of the ascending (presynaptic) 5-HT system
and have formed the basis for a series of clinical investigations
demonstrating the efficacy of lithium as an adjunct to antidepressants in the
treatment of refractory depression.
The potential involvement of 5-HT in the pathophysiology of
schizophrenia, obsessive-compulsive disorder, anxiety, depression and
suicidality has been well established. Recently among 5-HT receptors,
dysfunction in the 5-HT1 and 5-HT2 receptor mediated signal transduction
cascade has received much attention in psychiatric research.
Various classes of antidepressants have been shown to progressively
sensitize post synaptic 5-HT receptors in hippocampus. This neuronal
response was later shown to be mediated by the 5-HT1 receptor subtypes.
Lithium, apart from being an antidepressant, has also been shown to
enhance the efficacy of primary antidepressants, suggesting its involvement
in serotonin transmission. Among the most extensively studied central
effect of lithium, are those involving 5-HT functions, which are of special
interest because of the putative role of 5-HT in the pathogenesis of affective
disorders (M.N Subhash, 1999).
Focusing on the serotonergic system, whose activity is considered to
be reduced in depression, numerous reports have shown, in vitro as well as
in vivo, that lithium has the capacity to induce an increase in the release of
serotonin at the synaptic level and can also potentiate antidepressant
treatments. The biochemical mechanism responsible for these properties is
not yet understood, although it has been suggested that 5-HT
autoreceptors, and particularly 5-HT1B, could be responsible for these
effects. The interaction of lithium with 5-HT1B receptors was revealed at
every level of the functioning of the receptor. This was shown at the
molecular level (binding studies) and at the functional level, in studies
dealing either with the effector system coupled to 5-HT1B receptors or with
the cellular function of the 5-HT1B receptors and in the in vivo situation
(Oliver Massot, 1999).

Neurochemical, behavioral, and physiologic studies have all
suggested that the cholinergic system is involved in affective illness and
that lithium enhances the synaptic processing of acetylcholine (Ach) in rat
brain. Notably, lithium effectively potentiates seizures induced by a
muscarinic agonist, which are markedly attenuated by central myo-inositol
administration, consistent with effects of lithium on receptor-mediated PI
(phosphoinositide) signaling. In addition, studies of Evens and colleagues
have suggested that the role of lithium in the lithium-pilocarpine seizure
model appears to occur through a presynaptic facilitation of excitatory
neurotransmission mediated by protein kinase C (PKC). Thus, lithium may
target cholinergic neurotransmission and chronically may play a role in
preventing muscarinic receptor supersensitivity through interaction within PI
signaling systems. These findings are consistent with an effect of chronic
lithium in preventing receptor-mediated supersensitivity as observed in both
the dopaminergic and noradrenergic systems and suggest a putative site of
action for lithium beyond the receptor at receptor-effector coupling and/or
intracellular second messenger systems.
While relatively less attention has been paid to effects of lithium on
amino acid and neuropeptide regulation in brain, dysregulation of
GABAergic neurotransmission has been postulated to play a role in the
etiology of affective disorders. In an albeit limited series of patients, GABA
has been observed to be reduced in CSF of depressed patients and in the
plasma of bipolar patients. Previously low levels of plasma and CSF GABA
appear to normalize in bipolar patients being treated with lithium, though
baseline GABA levels appear unrelated to clinical responsiveness to
lithium. While preclinical studies have been constrained by limitations in
design and methodology, investigators have reported that lithium produced
elevations in GABA in the striatum and midbrain, GABA turnover in the
hippocampus and striatum, and a potentiation of kainic acid-evoked
[3H]GABA release in striatal neurons.
Glutamate is a major excitatory amino acid neurotransmitter that
plays a prominent role in synaptic plasticity, learning, and memory.
Glutamate is also a potent neuronal excitotoxin under a variety of
experimental conditions, triggering either rapid or delayed neurotoxicity.
Glutamate induced neuronal death in discrete brain areas has been
implicated in neurodegenerative diseases such as Huntington’s chorea,
Alzheimer’s disease, and Parkinsonism. An abnormality in glutamatedopamine neurotransmission has also been proposed to be the basis of
some forms of schizophrenia. In addition, the psychotropic drugs, such as
carbamazepine, imipramine, and related tricyclic antidepressants, have
been found to have antagonistic properties on the N-methyl-D-aspartate
(NMDA) subtype of glutamate receptors (Nonaka et all, 1998).
Neurocortical and hippocampal cells prepared from embryonic rats
show lithium-induced protection against excitotoxicity. Glutamate-induced
neuronal death in cortical and hippocampal cultures is well suppressed by a
long-term preincubation (7 days) with 1mM LiCl. Chronic lithium also

inhibits glutamate-induced chromatin condensation detected by nuclear
staining with Hoechest dye (Nonaka et all, 1998).
The effect of lithium on glutamate studied by using monkey cerebral
cortical slices is to stimulate glutamate release at doses ranging from 1.5 to
25 mM. It is of interest that the noncompetitive NMDA receptor antagonist,
MK-801, blocks the proconvulsant action of lithium in pilocarpine-treated
rats. However chronic in vivo lithium treatment results in a transient
impairment of Ach-induced potentiation of current response elicited by
NMDA in hippocampal CA1 neurons.
Beginning at therapeutic concentrations (1-1,5 mM), the anti-manicdepressive drug lithium stimulates the release of glutamate in the brain, in
monkey cerebral cortex slices in a time and concentration-dependent
manner, and this was associated with increased inositol 1,4,5-trisphosphate
accumulation (Dixon et all, 1994).
Activation of the NMDA receptor affords some central nervous system
selectively because NMDA receptors are largely, but not exclusively,
confined to the central nervous system. Stimulation of this receptor would
have widespread ramifications in the brain through increased influx of Ca2+
in NMDA-bearing neurons and their known crosstalk with other
neurotransmitter systems (Dixon and Hokin, 1997)
Preclinical studies of neuropeptides have revealed diverse effects of
lithium on multiple systems including the opioid peptides, substance P,
tachykinin, neuropeptide Y, neurokinin A, and calcitonin gene-related
peptide. Comparisons between studies are difficult due to differences in
time and dose of lithium administration; however, for the most part, an
increase in neuropeptide levels in brain has been observed and in this case
of both dynorphin and tachykinin, the increase is associated with an
increase in mRNA. It has also been reported that chronic lithium abolishes
both the secondary reinforcing effects of morphine and aversive effects of
the opioid antagonist, naloxone. However, in one of the few applicable
clinical studies, CSF levels of various pro-opiomelanocortin peptides were
examined in euthymic bipolar patients before and during lithium treatment;
no significant effects of lithium on the CSF levels of any of the peptides
were observed. Alterations in the regulation of these neuropeptides,
particularly in basal ganglia, may be of interest in regard to the commonly
observed lithium-induced side effect of tremor (Lenox et all, 1998).
Little is understood of the biochemical changes that underlie the
outgrowth of neuritic processes in developing neurons. One critical aspect
of neuronal differentiation is rearrangement of the neuronal cytoskeleton,
leading to specific and directed elongation of microtubules into growing
neuritic cytoplasmic extensions. Among the best studied models for
examining the mechanism of neurite outgrowth are the neuronal and
neoplastic target cells of the polypeptide neurotrophic signal, nerve growth
factor (NGF) (Burstein and all, 1985).
Transcription-independent actions of NGF include rapid cell surface
changes, enhanced growth cone motility, selective increase in protein

phosphorylation, and induction of small molecule uptake (Burstein and all,
1985).
Lithium ion has a variety of effects on the responses of cells to
exogenous polypeptide signals, including enhancement of the mitogenic
actions of epidermal growth factor and insulin, and abrogation of an antiproliferative effect of interferon. Li+ appears to have little effect on NGFdependent priming, it blocks NGF-promoted neurite outgrowth and
selectively inhibits phosphorylation of several medium molecular weight,
NGF-responsive microtubule-associated proteins (Burstein and all, 1985).
In animal experiments, lithium administration results in a net rise in 5HT activity, which is probably caused presynaptically by an increase in the
release and transformation of 5-HT precursors, an increase in the release
of 5-HT, and by the functional antagonism between lithium and inhibitory
presynaptic 5-HT1A receptors. However, there are considerable differences
in the amount of time which elapses before each of the different effects
occurs. An increase in 5-HT uptake in the thrombocytes of depressive
patients, but not in those of healthy test subjects, has been observed. In
several studies of patients and healthy volunteers on short-term lithium
therapy, neuroendocrine stimulation (e.g. with fenfluramine or tryptophan)
led to increased prolactine or cortisol responses via serotoninergic
transmission. The presumably adaptive mechanisms which tend to emerge
after chronic lithium administration (e.g. a decrease in the number and
sensitivity of postsynaptic 5-HT receptors) probably result in a stabilization
of serotoninergic neurotransmission rather than a unidirectional increase in
5-HT activity.
Studies examining the effect of lithium ions on the synthesis and
metabolism of neurotransmitters have, thus far, yielded inconsistent results,
failing to shed any light on the mechanism of action of lithium in vivo.
Lithium ions prevent the development of functional supersensitivity to
dopamine and acetylcholine receptor stimulation, most likely by influencing
second messenger systems. Lithium ions increase basal cAMP levels and
inhibit the neurotransmitter-stimulated accumultion of cAMP in the brain
and other tissues. (D. van Calker)
Acute administration of lithium inhibits the stimulation of adenylyl
cyclase, most likely through direct competition with magnesium, whose
hydrated ionic radius is similar to that of lithium. The effects of chronic
lithium treatment, however, probably result from (a) the modification of gene
expression among components of the adenylyl cyclase system, especially
G protein subunits (G_i, G_s), as well as from (b) a stabilization of the
inactive trimeric form of the Gi protein. Lithium has been found to increase
basal cAMP levels, which is most likely due to attenuation of the Gi protein
and an increase – probably resulting from the effects of lithium on gene
transcription – in the levels of adenylyl cyclase type I and type II mRNA.
At therapeutically relevant concentrations, lithium ions inhibit the
hydrolysis of inositol mono-phosphatase to inositol. This leads to a
depletion of inositol and a strong increase in diacylglycerol (DAG) in
susceptible cells and tissues, depending on species and tissue type.

Susceptibility is determined by the activity of a high-affinity inositol transport
system, as well as by the degree to which the inositol phospholipid (IP)
second messenger system is hormonally stimulated. Pronounced inositol
depletion can lead to an inhibition of the IP system in affected cells, which is
probably a result of attenuated IP synthesis and/or the activation of protein
kinase C (PKC) through the accumulation of DAG.
Lithium exposure facilitates the activation of certain PKC isozymes,
chronic activation of which can result in a downregulation of PKC activity.
This process is probably responsible for the diverse effects of lithium on the
release of neurotransmitters, the inhibition of receptor sensitization and
certain membrane transport processes. By influencing transcription factors
such as c-fos, this process could also be responsible for the lithium-induced
changes in gene transcription which have been observed.
The inhibitory effects of chronic lithium treatment on the PI system
have also been demonstrated in humans. Peripheral cells from manicdepressive patients show increased hormonal sensitivity in the
phosphoinositide (PI) system. Thus, it appears that lithium ions might
compensate for the hyperactivity of the PI system which is associated with
illness in these patients.
9. Lithium and circadian rhythms
Circadian (daily) rhythms are found in all eukaryotes and are driven
by an endogenous, self-sustaining, oscillator; in the absence of external
time-cues, the rhythm will free-run with a period close to 24 h. The oscillator
can receive information from the environment, which allows it to
synchronize with the environmental day/night cycle; the phase of the
oscillator can be reset by light, and in many plants and micro-organisms this
involves the blue-light photoreceptor.
The circadian period of mammalian locomotor activity is controlled by
a circadian clock located in the hypothalamic suprachiasmatic nucleus.
Under synchronized conditions, all circadian rhythms appear with identical
periods but have very different amplitudes and/or peak times (acrophases).
Chronic (but not acute) lithium treatment prolongs the free-running period in
almost all studied biological systems, including humans. Lithium’s effects
under synchronized conditions are variable specific, with some variables
showing significant acrophases delays and other exhibiting advances. The
effects also depend on the timing of application, with evening application of
lithium hydroxybutyrate for 10 days destabilizing circadian rhythms in rat, in
contrast to morning administration (Ikonomov and Manji, 1999).
The biochemical basis for circadian rhythmicity has not yet been
described for any organism, nor has the mechanism of blue-light signal
transduction through which the oscillator receives input from the
environment. Inositol phosphate metabolism has been suggested as a
potential component of both the circadian oscillator and blue-light
phototransduction (Lakin-Thomas, 1993). Experiments in a simple circadian

model (Neurospora crassa) do not support the potential role of inositol
depletion in lithium’s effects on the circadian clock and its light
synchronization (Ikonomov and Manji, 1999).
Manic-depressive syndrome and cluster headache are periodic
neural disorders; there is evidence-linking lithium to the resetting of other,
normal rhythmic phenomena. The behavior of single- and multi-cellular
organisms is timed by intrinsic biological clocks. Indeed, the actions of
lithium in altering the frequencies of physiological oscillators suggest that
the phosphoinositide system may be part of the timing mechanism of
biological clocks (Berridge et all, 1989).
One line of evidence in favour of the participation of inositol
phosphate metabolism in the mechanism of the circadian oscillator comes
from the well-established effects of lithium on the period of circadian
rhythms. Chronic Li+ treatment will change the period of the rhythm in many
organisms, from microorganisms to mammals. In most organisms, the
period is lengthened, but in some it is shortened.
There is as yet little evidence in favour of a role for phosphoinositide
turnover in blue-light signal transduction. Blue-light has been shown to
activate G-proteins in plants and fungi and to activate a plasma-membrane
protein kinase in plants. White-light-induced phase resetting of the circadian
oscillator in Samanea may involve phosphoinositide turnover. In the
filamentous fungus Neurospora crassa, blue-light –induced resetting of the
oscillator may involve protein kinases, Ca2+ and ion fluxes across the
plasma membrane.
Tests on Neurospora crassa showed that:
1)
Inositol supplementation does not reverse the effects of Li+
on the period of the circadian rhythm;
2) Inositol depletion of an inositol-requiring mutant does not mimic the
effects of Li+;
3) Depletion of inositol lipids does not inhibit the response to light;
4) A phase-resetting pulse of light does not increase the levels of
inositol phosphates, including Ins(1,4,5)P3.
These data make it unlikely that blue-light induced phase resetting is
mediated by phosphoinositide signalling system (Lakin-Thomas, 1993).
Repetitive variations with a periodicity of approximately 24 hours are
part of the circadian system. This system can be found among single-celled
organisms, plants, animals, and humans. In humans the circadian system is
based on a number of oscillators of varying strengths that exert mutual
influence on one another. The main pacemaker of this multi-oscillatory
system is the nucleus suprachiasmaticus.
Two recent breakthroughs are relevant to future approaches to the
study of molecular and cellular mechanisms of lithium action. First, single
dissociated suprachiasmatic nucleus neurons contain a circadian clock and
express circadian rhythm in impulse activity. Second, a powerful
combination of mutagenesis, isolation of behaviourally arrhythmic mutants,
and molecular genetics was used to identify a set of four genes
representing the molecular cogwheels of the cellular circadian clock in

Drosophila. Two of the genes – period (per) and timeless (tim) – oscillate in a
circadian fashion at both the mRNA and protein levels. It is important that
the Per and Tim proteins form a cytosolic dimmer, which translocates into
the cell nucleus and suppress their own transcription. The other two
proteins – Clock and Cycle-also form a dimmer in the nucleus. This dimmer
induces the transcription of per and tim mRNA by binding to E-boxes (5’CACGTG-3’ sequence) located in the regulatory region of each gene. The
activation of per and tim transcription may be suppressed by their own
protein dimmers, thus creating a molecular circadian clock based on a
negative feedback loop. It is noteworthy that a mouse arrhythmic mutant
has a single base mutation in the mammalian clock gene, which is highly
homologous to the Drosophila cycle gene. Finally, mammals have three
Drosophila per homologues with conservative E-boxes in their promoters
(Ikonomov and Manji, 1999).
Lithium ions are chrono-biologically active. They influence the
circadian system by modifying phase relationships and lengthening the
free-running period. During manic-depressive episodes a variety of
circadian rhythm dysfunctions have been observed. The importance of
circadian factors and the sleep-wake cycle in bipolar disorder has been
recognized for many years (Ikonomov and Manji, 1999). The chronobiological effects of lithium salts help explain their efficacy in the treatment
of manic-depressive disorders.
Nuclear hormone receptors function as ligand dependent DNA
binding proteins that translate physiological/nutritional signals into gene
regulation. Dysfunctional nuclear hormone receptor signalling leads to
many disorders in reproduction, inflammation, and metabolism. The
opportunity to identify novel regulatory pathways in the context of human
health and disease drives the challenge to unravel the biological function of
the “orphan nuclear hormone receptors”.
Rev-erb has been identified as a critical regulator (and target) of
circadian rhythm, a factor in blood pressure control and inflammation.
Finally, two recent reports have demonstrated: 1) lithium mediated
regulation of Rev-erb stability and 2) E75 (the Drosophila orthologue of
human Rev-erb ) is tightly bound by heme, and functions as “gas sensor”
through interaction with CO/NO and interferes with the repression of DHR3
(the Drosophila orthologue of human RORα: RAR-related orphan receptor)
Lithium treatment leads to synchronized circadian oscillations in
human cells through the orphan nuclear receptor Rev-erb , according to a
recent study. This molecular pathway may underlie lithium's effects on the
circadian clock in people with bipolar disorder, a condition associated with
aberrant circadian rhythms.
Rev-erbα is involved in circadian timing in brain and liver tissue, and
regulates Bmal1, and to a lesser extent CLOCK expression. Rev-erbα itself
is driven directly by the molecular oscillator; it is activated by the Bmal1CLOCK heterodimer, and repressed by Period ½ and Cryptochrome ½
proteins (Ramakrishnan and Muscat, 2006)

It was already established that Rev-erb is part of the circadian clock
and that lithium acts on a protein involved in circadian rhythm, glycogen
synthase kinase 3 (GSK3 ). In the classic molecular circadian loop in
mammals, the transcription factors BMAL1 and CLOCK activate the clock
genes Per and Cry, whose proteins feed back into the nucleus to inhibit
their own transcription. Several years ago, biologists discovered another,
parallel negative feedback loop involving the nuclear receptor Rev-erb .
Specifically, the BMAL1-CLOCK heterodimer also activates Rev-erb
transcription, and Rev-erb protein feeds back and represses the
transcription of Bmal1.
Rev-erb contains several potential sites for phosphorylation of
GSK3 . Previous work had shown that mutations in the Drosophila homolog
of GSK3 lengthen the flies' circadian period. GSK3 was than a wonderful
candidate" to explain how external signals might influence the Rev-erb
feedback loop.
Inhibiting GSK3 with siRNA in human embryonic kidney cells led to a
near complete loss of Rev-erb protein, suggesting that GSK3 is necessary
for Rev-erb stabilization. Treating cultures with high concentrations of
serum - known to synchronize circadian oscillations - inhibits GSK3 activity
by phosphorylating it. Again, Rev-erb protein expression dropped, and
Bmal1 transcription was activated, which begins the 24-hour circadian gene
expression cycle.
Treating these cells with lithium, since lithium is known to inhibit
GSK3 , reduces Rev-erb protein levels and induces Bmal1 transcription.
Serum shock cannot initiate circadian oscillations in cells if Rev-erb is
replaced with a mutant form that is resistant to degradation. Lithium
treatment fails to induce Bmal1 expression in the absence of wild-type Reverb , suggesting that lithium initiates synchronized circadian oscillations by
degrading Rev-erb .

10. Lithium and gene expression
The mechanisms underlying the prophylactic treatment of bipolar
disorder by lithium are likely to be hardwired in the genomic DNA. Despite
all the reports of how individual gene expression can be modulated in
response to lithium’s exposure, there is as yet no strategy available for the
identification of the lithium-responsive genomic regulatory network in brain.
Many studies have focused on determining the effect of lithium on one or a
few genes at a time, an approach that is not adequate for the analysis of
large regulatory control system organized as networks. Gene specific
expression is controlled by specific cis-regulatory target sequence
embedded in promoters and the cognate binding transcription factors
encoded by a set of regulatory genes. The functional linkages of such
genomic regulatory network include elements that exhibit multiple

interactions between the outputs of regulatory genes and corresponding
cis-regulatory genomic sequences. Thus, identifying networks of
transcription factors and the genes they regulate in response to lithium
exposure is important to understand the biological responsiveness of an
organism to lithium and the prophylactic properties of its action in brain.
The lithium-induced reduction of MARCKS protein is accompanied by
a downregulation of MARCKS mRNA with no evidence for a change in the
half-life of the mRNA. Furthermore, synthesis of nascent RNA for MARCKS
and the Macs promoter activity are also found significantly reduced in
chronic, but not acute, lithium-treated immortalized hippocampal cells. Both
reductions were significantly enhanced in the presence of activation of
receptor-coupled PI signaling. It was identified a lithium-responsive
promoter sequence located in the upstream region (-993/-713) of the Macs
promoter. The mutant promoter lacking the –993/-713 fragment not only did
not respond to chronic lithium expose but also had a significantly reduced
promoter activity, suggesting that chronic lithium represses the
transcriptional activator(s) bound to this region. Until now, however, no
lithium-responsive transcription factor directly bound to this region has been
identified. While specific transcription factors that bind to lithium-responsive
promoter element (LRE) remain to be identified, current data suggest that
the mechanism by which chronic lithium represses the Macs gene
transcription are likely through: a) lithium-induced downregulation of DNA
binding activity and/or expression of transcription activator(s) interacting
with LRE; b) lithium-induced downregulation of activator function of
transcription activator(s) acting at LRE; c) lithium-induced disruption of the
coordinate interaction between the distal activating sequence-bound
activator(s) and the proximal core promoter sequence-bound basal
transcriptional machinery. The lithium-responsive –993/-713 fragment
contains significant enhancer /activator DNA elements that are necessary to
sustain the optimal Macs gene transcription in cells. While an atypical Sp1
site, characterized by the presence of a prominent GA-rich sequence, was
identified within the –993/-713, a classical Sp1 site was found in the middle
of the GC-rich box close to a potential Z-DNA-forming segment near the
transcription initiation site. Presence of Z-DNA forming segment signifies
both compositional and conformational changes influencing the genomic
landscape, the accessibility of cis-acting elements, and the activation of
gene transcription in the core promoter region. Macs promoter lacks typical
TATA box, and in the absence of a TATA box multiple Sp1 sites in the
promoter may control the transcription of Macs gene (Lenox and Wang,
2003).
A recent microarray experiment further showed that the expression of
as many as 37 genes from 4132 rat genes is altered during the chronic
lithium treatment. If these data were extrapolated to the entire genome,
there would be as many as 750 genes that could potentially be regulated by
lithium. However, the majority of such studies using differential display and
microarray analysis do not distinguish between direct activation of target
genes by a transcription factor and indirect effects resulting from one

transcription factor inducing the expression of a second. Furthermore, the
functional value of the vast majority of these potential targets remains
unknown. Using our knowledge regarding a high value pharmacologically
relevant target such as MARCKS for the action of chronic lithium in brain to
identify lithium-responsive elements that could serve to link lithium
responsive genes as a regulatory network is both intriguing and
challenging. To establish such a gene network, some studies have coupled
the overexpression of a given transcription factor with microarray
experiments. However, the genes affected by the overexpressed
transcription factors may not represent the true targets of those factors
under physiological conditions. Recently, using finite perturbations of gene
expression in conjunction with microarray experiments that may mimic
physiological conditions has been advocated; thus differing from the drastic
changes incurred during transgenic overexpression or knockouts. In such
studies, one can modulate single gene expression using techniques such
as RNA interference (RNAi) one at a time and in a systematic fashion
among all the genes of interest. Once the perturbed systems are in a new
steady state, the levels of gene expression are measured against that of
reference by microarray or Taqman RCR. The resulting data are arranged
as a regulatory network exhibiting gene-gene interactions could be inferred
using approaches adapted from metabolic control analysis. The method,
however, lacks genome-wide efficiency and does not provide direct
evidence of in vivo interaction of given transcription factors with their
respective cis-regulatory elements across the genome. To address these
questions, a new technology known as chIp-chip was developed, in which
chromatin immunoprecipitation (chip) is coupled with microarray experiment
(chip) to accelerate the genome-wide detection of DNA-protein interactions
in real time and in real space. Using such a combined approach as chIpchip, genome-wide mapping of DNA binding sites for transcription factors
(STE12, GAL4, RAP1, SCB, MCB, MCM1, SFF, and SW15) has been
achieved in yeast. This experimental approach has also been successfully
extended to human genome, where DNA binding sites for E2F and GATA-1
transcription factors are mapped genome wide (Lenox and Wang, 2003).
A lithium-responsive gene network will offer an opportunity to define a
pathway associated with the long-term prophylactic properties of lithium,
distinct from its side-effect profile, which will drive the discovery of novel
agents for stabilization of mood in patients with BPD. Recently, a regulatory
gene network that directs specific developmental events has been identified
in developing sea urchin embryo. This provides a heuristic model for
constructing a lithium-responsive gene network as a means to identify
signature genes that direct the therapeutic or nontherapeutic action of
lithium. While chromosome immunoprecipitation could start with antibodies
against several known lithium-responsive transcription factors such as AP1, CREB, NF-kB, LEF/TCF, these are general transcription factors that elicit
for more gene expression than necessary for the therapeutic action of
lithium. Thus, identifying lithium-responsive transcription factors or promoter

elements from highly valued targets such as the Macs gene becomes
extremely desirable (Lenox and Wang, 2003).
Lithium produces a time- and concentration-dependent increase in
the DNA binding of the 12-O-tetradecanoylphorbol 13-acetate response
element (TRE) to activator protein-1 (AP-1) transcription factors. Lithium
also increases the expression of a luciferase reporter gene driven by an
SV40 promoter in vitro (Chen et all, 1998).
Chronic lithium administration has been demonstrated to increase
AP-1 DNA binding activity both in vivo and in vitro. These effects on the AP1 family of transcription factors have the potential to regulate patterns of
gene expression in critical neuronal circuits (Chen et all, 1998).
Although many genes are regulated by AP-1 sites, expression of the
tyrosine hydroxylase (TH) gene is driven by a promoter containing AP-1
binding sites, and the involvement of AP-1 in regulating expression of TH in
neuronal cells has been well characterized. Lithium, at therapeutically
relevant concentrations, increases the levels of TH in areas of the rat brain
and also in human neuronal tissue (Chen et all, 1998).
The transcriptional activation of immediate early genes, including fos
and jun families, is a characteristic cellular response to extracellular stimuli
such as hormones, growth factors, and neurotransmitters. The
transcriptional activation is followed by cytoplasmic translation of Fos, Jun,
and other proteins, which translocate into the nucleus and form a variety of
protein complexes. AP1 is a collection of homodimeric and heterodimeric
complexes composed of products of fos and jun family members. These
products bind to a common DNA site -12-O-tetradecanoylphorbol 13acetate (TPA) response element (TRE) – in the regulatory domain of gene
and activate gene transcription. The genes regulated by AP1 in the CNS
include genes for various neuropeptides, neurotrophines, receptors,
transcription factors, enzymes involved in neurotransmitter synthesis, and
proteins that bind to cytoskeletal elements. The final result of this molecular
cascade is alteration in the transcription of selected target genes bearing
the specific DNA binding site on their regulatory regions (Ikonomov and
Manji, 1999).
Lithium has also been demonstrated to increase the expression of
endogenous proteins whose genes are known to be regulated by AP-1.
Lithium may regulate gene expression (at least in part) through the AP-1
transcription factor pathway. AP-1 is a collection of homodimeric and
heterodimeric complexes composed of products from two transcription
factor families, Fos and Jun. These products bind to a common DNA site
(known as the TRE) in the regulatory domain of the gene and activate gene
transcription. The genes known to be regulated by the AP-1 family of
transcription factors in the brain include genes for various neuropeptides,
neurotrophins, receptors, transcription factors, enzymes involved in
neurotransmitter biosynthesis, and proteins that bind to cytoskeletal
elements. Lithium via its effects on the AP-1 family of transcription factors
may bring about strategic changes in gene expression in critical neuronal

circuits, effects that may ultimately underlie its efficacy in the treatment of a
very complex neuropsychiatric disorder.
Several studies have shown that lithium treatment exerts complex,
temporally specific effects on basal and stimulated c-fos mRNA levels and
Fos protein. These effects of lithium on the Fos family of proteins have
been postulated to involve protein kinase C (PKC) and likely play a role in
mediating lithium’s effects on AP-1.
A growing body of data has also demonstrated that the mitogenactivated protein (MAP) kinases play a key role in the regulation of AP-1.
MAP kinases transmit extracellular signals to the nucleus, where the
transcription of the specific genes is induced by the synthesis,
phosphorylation, and activation of transcription factors. Three distinct MAP
kinases signal transduction pathway have been identified in mammalian
cells, leading to activation of the MAP kinases- extracellular signalregulated kinases (ERKs), c-Jun NH2-terminal kinases (JNKs), and p38.
Members of the JNK subgroup of MAP kinases are activated by diverse
stimuli and phosphorylate specific sites on the amino-terminal
transactivation domain of the transcription factor c-Jun. Phosphorylation of
these sites stimulates the ability of c-Jun to activate transcription of specific
target genes. In addition to c-Jun, the JNKs phosphorylate and activate
several other transcription factors (including Elk-1, ATF-2, and NFAT4),
most of which can contribute to AP-1 activity. It has been recently
demonstrated that PKC may play an important role in the regulation of
JNKs.
MAP kinases are abundantly present in the brain and in recent years
have been postulated to play a major role in various long-term CNS
functions, both the developing and mature CNS. MAP kinases have been
implicated in mediating neurochemical processes associated with long-term
facilitation, long-term potentiation, associative learning, one-trial and
multitrial classical conditioning, and long-term spatial memory and have
also been postulated to integrate information from multiple infrequent bursts
of synaptic activity. MAP kinase pathways have recently been
demonstrated to regulate the responses to environmental stimuli and
stressors in rodents and to couple protein kinase A and PKC to cyclic AMP
response element binding protein phosphorylation in area CA1 of the
hippocampus. These recent studies suggest the possibility of a broad role
for the MAP kinase cascade in regulating gene expression in ling-term
forms of synaptic plasticity. Thus, overall, the data suggest that MAP
kinases play important physiological roles in the mature CNS and may thus
represent important targets for the action of CNS-active agents. Indeed, the
activation of MAP kinases in discrete brain areas has recently been shown
to occur by chronic exposure to morphine or cocaine.
In view of the important role of MAP kinases in mediating long-term
neuroplastic events and in regulating AP-1 activity, to determine if lithium
regulates JNK and, furthermore, if lithium increased JNK-mediate gene
expression. Because lithium regulates PKC function and PKC indirectly
regulates JNK, the role of PKC in mediating lithium’s effect on JNK.

In recent years, it has been increasingly appreciated that the longterm treatment of complex neuropsychiatric disorders likely involves the
strategic regulation of gene expression in critical neuronal circuits.
Lithium-induced increases in AP-1 DNA binding activity were
accompanied by increases in the levels of both c-Jun and phosphorylated
c-Jun. The c-Jun gene is subject to positive autoregulation through an AP-1
binding site in its promoter; thus, the increases in the levels of c-Jun may
represent both a mechanism underlying the increase in AP-1 DNA binding
and a downstream consequence of increased AP-1 activity.
JNK is known to phosphorylate and thereby to activate
transcriptionally c-Jun, suggesting that lithium-induced JNK activation may
result in enhanced c-Jun-mediated gene expression.
Lithium has been clearly demonstrated to regulate the
phosphoinositide/PKC-signaling pathway; because lithium is an uncommon
inhibitor of inositol monophosphatases, many of lithium’s PKC-mediated
biochemical effects may be potentiated by reducing the availability of myoinositol. Compatible with inhibition of inositol monophosphatases, cells
incubated with lithium in absence of myo-inositol demonstrated a greater
increase in c-Jun-mediated luciferase gene expression.
Lithium activates the JNK family of MAP kinases. As JNKs are known
to be major regulators of AP-1 DNA binding, lithium’s effects on AP-1 DNA
binding may be mediated in part via its effects on JNK. It should be noted,
however, that lithium is also an inhibitor of glycogen synthase kinase 3β;
because glycogen synthase kinase 3β phosphorylates c-Jun at three sites
adjacent to the DNA binding domain, thereby reducing AP-1 binding, the
lithium-induced increases in AP-1 DNA binding activity may also be
mediated via inhibition of glycogen synthase kinase 3β.
In addition to translocating to the nucleus and regulating nuclear
targets, MAP kinases also regulate membrane, cytoskeletal, and
cytoplasmic proteins and may thus be involved in regulating various longterm cellular functions. The MAP kinases are physiologically activated by
growth factors, neurotrophic factors, and neurotransmitters and have been
demonstrated to play a role in various neuroplastic events in the CNS.
Lithium activates JNKs in rat brain during chronic in vivo
administration and in human cells of neuronal origin in vitro; in view of the
key roles of JNKs in regulating various aspects of neuronal function and
well-documented role in regulating gene expression, these effects may play
an important role in lithium’s long-term therapeutic effects (Yuan Peixiong,
1999).

III CLINICAL PROPERTIES OF LITHIUM
1. Lithium pharmacology
Lithium salts have been used therapeutically for almost 150 years,
beginning with its use for the treatment of gout (or uric acid diathesis) in the
1850’. Although gout was believed to include symptoms of mania and
depression, it wasn’t until the 1880’s that John Aulde and Carl Lange
observed that lithium could be used to treat symptoms associated with
depression, independent of gout. However, the use of lithium become
problematic and was discarded due to the serious toxicity associated with
the widespread use of lithium in tonics, elixirs, and as a salt substitute
(Timmer and Sands, 1999).
The antimanic effect of lithium was discovered in 1949 and confirmed
in a placebo-controlled, double-blind study in 1954. During the 1960s
lithium was found to prevent recurrences of both manic and depressive
episodes. This prophylactic effect was first demonstrated in an open study
using the mirror method, and subsequently (i.e. after 1970) confirmed in a
number of double-blind, placebo-controlled discontinuation studies. Lithium
prophylaxis was similarly efficacious in bipolar and unipolar patients. An
important historical event related to the safety and optimization of lithium
prophylaxis occurred in the 1970s. Research emerged which indicated that
long-term lithium use could possibly induce kidney damage. Through the
exemplary joint efforts of many research teams, however, it was possible to
rebut most of these alarming reports. Since the 1970s, researchers and
physicians have recommended serum lithium levels slightly lower than
those previously advocated. An international multicenter study yielded
strong evidence that mortality and suicide rates can be lowered by longterm lithium treatment – effects which have not been shown for any other
long-term prophylactic treatment thus far (Schou, 1997)
In humans endogenous serum lithium levels normally range from
0.14-8.6 µmol/l, with a maximum level of 15.8 µmol/l. These lithium serum
levels are 3 orders of magnitude lower than those necessary for
therapeutic/prophylactic treatment. Scientists suspect that endogenous
lithium in the human body has a physiological function, although sufficient
evidence of this is still lacking. Daily lithium intake in humans is dependent
on both diet and the use of medications that contain lithium. With the latter,
a total of 15 µmol/l to 0.66 mmol of lithium may be administered per day (K.
Lehmann, 1997).
Lithium is frequently used in the treatment of bipolar affective
disorder, and is widely known to affect thyroid function, most commonly
resulting in hypothyroidism and goiter. Less well known is the association
between lithium therapy and hyperthyroidism and the potential for lithium to
moderate the effects of thyroxin at cellular level. Lithium excretion relates
principally to glomerular filtration rate and proximal tubule function.
Thyroxin, through its effects on tubular function, alters lithium clearance
such that thyroid disease may cause retention of lithium and subsequent
toxicity (Oakley et all, 2000).

Lithium is a univalent cation that must be administered with an anion.
Lithium is generally administered orally, either as a liquid (lithium citrate) or
a capsule (lithium carbonate). A 300 mg lithium carbonate tablet contains
8,12 mEq of lithium ion. Lithium is completely absorbed from the upper
gastrointestinal tract in about 8h, with peak serum levels occurring 1 to 2 h
after oral administration.
Lithium is distributed in total body water and does not bind to serum
proteins. It has a volume of distribution of 0.7 to 0.9 l/kg. Tissue distribution
after ingestion is a complex phenomenon, with preferential uptake in certain
compartments (kidney, thyroid, bone) over others (liver, muscle). Significant
delays in reaching steady state exist for some tissues. The distribution in
the brain is delayed by approximately 24 h compared with plasma. The
concentration of lithium within the cerebrospinal fluid is only 40% of serum
levels due to its transport out of the cerebrospinal fluid by brain capillary
endothelium and/or arachnoid membranes.
Lithium has a variable half-life within plasma. Factors altering its halflife include patient age, duration of lithium therapy, and level of renal
function. Lithium has an elimination half-life of 12 to 27 h after a single dose
(Timmer and Sands, 1999).
Lithium stabilizes the mood in affective disorder but has no effect in
normal persons. It is not a sedative, depressant or euphoriant. It substitutes
Na+, but cannot maintain membrane potential. It is largely reabsorbed in the
tubule and 95% is eliminated in urine (Bhatnagar, 2005).
Lithium therapy requires reaching plasma concentrations of lithium,
which are relatively close to the toxic concentration. Lithium is excreted
primarily by the kidney; adequate renal function and adequate salt and fluid
intake are essential in order to avoid lithium accumulation and intoxication.
Thus, a decision to initiate lithium therapy should be preceded by a
thorough clinical examination and evaluation of each patient, including
laboratory determinations, ECG, and a very careful assessment of renal
function. When sodium intake is lowered, lithium excretion is reduced.
Diminished intake or excessive loss of salt and fluids, as a result of
vomiting, diarrhea, perspiration or use of diuretics will also increase lithium
retention. Thus, lithium should not be given to patients on a salt-free diet
and sodium depletion must be carefully avoided. Therefore, it is essential
for the patient to maintain a normal diet including adequate salt and fluid
intake during lithium therapy.Salt supplements and additional fluids may be
required if excessively losses occur. If diuretics are used during lithium
therapy the serum lithium concentration must be closely monitored.
Thiazide diuretics, furosemide, spironolactone, methyldopa,
indomethacin, phenylbutazone and piroxicam can increase lithium
concentrations. Acetazolamide, sodium bicarbonate, sodium chloride,
theophylline and mannitol can decrease lithium concentrations.
Neurotoxicity may be increased by concomitant use of haloperidol,
phenothiazines, carbamazepine or phenytoin.
Maintain patients on lithium therapy under careful clinical and
laboratory control throughout treatment. Means of obtaining accurate

determination of serum lithium concentrations should be available, since
frequent serum determinations are required especially during the initial
period of treatment. Lithium toxicity is closely related to serum lithium
concentrations and during treatment they should usually not exceed 1.5
mmol/L, if serious adverse reactions and lithium intoxication are to be
avoided. This lithium concentration refers to a blood sample drawn before
the patient has had his first lithium dose of the day, therefore, 9 to 12 hours
after his last dose of drug. Serum lithium concentrations should usually be
monitored 3 times weekly and blood studies and urinalysis weekly during
the initial period of administration and periodically as required thereafter. If
lithium levels exceed 1.5 mmol/L, discontinue the drug and, if appropriate,
resume administration at a lower concentration after 24 hours. Prodromal
toxic signs such as fatigue, muscular weakness, incoordination,
drowsiness, coarse tremors, diarrhea and vomiting provide a sensitive
warning of lithium intoxication. The patient and his family should be warned
to notify the physician immediately if any such adverse reactions should
occur.
Patients with underlying cardiovascular disease should be observed
carefully for signs of arrhythmias. Geriatric patients appear to be more
susceptible to adverse effects even when lithium levels are therapeutic.
There have been reports of withdrawal symptoms from lithium and
lithium rebound. Thus, gradual discontinuation is recommended unless
abrupt withdrawal is necessary because of toxicity.
There is evidence of decreased tolerance to lithium once the acute
manic episode breaks. Therefore, when the acute attack subsides, the
dosage should be reduced rapidly in order to produce serum lithium
concentrations no higher than between 0.6 and 1.0 mmol/L.
In view of the limited dosage range of lithium compared to other
psychotropic agents, particular care is required for the patient to receive
exactly the prescribed number of lithium tablets or capsules.
Periodic review and monitoring of kidney and cardiovascular function
is advisable during therapy with lithium carbonate. Perform other laboratory
tests as indicated by the patient's clinical condition. The appearance of
signs of toxicity or a rise in the blood concentration of lithium after the
dosage is stabilized should alert the physician to determine the reasons for
lithium accumulation.
Since the formation of nontoxic goiters has been reported during lithium
therapy, examine the thyroid gland before treatment and perform
appropriate thyroid function tests. Nontoxic goiters reported during
prolonged lithium therapy have disappeared following discontinuation of the
medication. Treatment with small doses of thyroxine in patients who
develop a diffuse nontoxic goiter may stop further growth or lead to
shrinkage of the gland.
Dosage
The therapeutic dose for the treatment of acute mania should be based
primarily on the patient's clinical condition. It must be individualized for each
patient according to blood concentrations and clinical response. For manic

patients, the dosage should be adjusted to obtain serum concentrations
between 0.8 and 1.2 mmol/L (in blood samples drawn before the patient
has had his first lithium dose of the day).
In properly screened adult patients, the suggested initial daily dosage for
acute mania is 900 to 1800 mg (15 to 20 mg/kg), divided into 3 doses. In
view of the large variability of renal lithium excretion between individuals, it
is suggested that lithium treatment be started at a dose between 600 and
900 mg/day, reaching a level of 1200 to 1800 mg in divided doses on the
second day. Depending on the patient's clinical condition, the initial dosage
should be adjusted to produce the desired serum lithium concentration. The
weight of the patient should also influence the choice of the initial dose.
Elderly and debilitated patients, and those with significant renal impairment
should be prescribed lithium with particular caution. Starting dose should
not exceed 300 mg/day accompanied by frequent serum level monitoring.
Serum concentrations of 0.4 to 0.6 mmol/L are usually effective in elderly
patients.
After the acute manic episode subsides, usually within a week, the dosage
should be rapidly reduced to achieve serum concentrations between 0.6
and 1.0 mmol/L (with the concentration kept below 1.5 mmol/L), since there
is evidence at this time of a decreased tolerance to lithium. The average
suggested dosage at this stage is 900 mg/day, divided into 3 doses, with a
range usually between 450 and 1200 mg/day. If a satisfactory response is
not obtained in 14 days, discontinue lithium therapy. When the manic attack
is controlled, maintain lithium administration during the expected duration of
the manic phase, since early withdrawal might lead to relapse. It is essential
to maintain clinical supervision of the patient and monitor lithium
concentrations as required during treatment (see Precautions).
Lithium may be used concomitantly with neuroleptic drugs, but additional
studies are required to determine the relative advantage of single,
combined or sequential treatment of manic episodes.
Children:
0.5 to 1.5 g/m(2) in divided doses for the acute phase; the maintenance
dose should be adjusted to maintain lithium serum concentrations of 0.5 to
1.2 mmol/L. Dose in children should not exceed adult dose.
Pregnancy: Lithium should not be given during pregnancy without
careful weighing of risk versus benefit. Lithium should be used during
pregnancy only in severe disease for which safer drugs cannot be used or
are ineffective. When possible, lithium should be withdrawn for at least the
first trimester unless it is determined that this would seriously endanger the
mother.
Data from lithium birth registries suggest that the drug may increase the
incidence of cardiac and other anomalies, especially Ebstein's anomaly.
When lithium is used during pregnancy, serum lithium concentrations
should be carefully monitored and dosage adjusted if necessary since renal
clearance of the drug and distribution of the drug into erythrocytes may be
increased during pregnancy. Pregnant women receiving lithium may have
subtherapeutic serum lithium concentrations if dosage of the drug is not

increased during pregnancy. Immediately postpartum, renal clearance of
lithium may decrease to pre-pregnancy levels; therefore, to decrease the
risk of postpartum lithium intoxication, dosage of the drug should be
reduced 1 week before parturition or when labor begins.
The neonatal blood-brain barrier is still incomplete at birth, thus
making the brain more sensitive to even small drug concentrations.
Methodologically, only sensitive assay techniques will detect the minute
amounts of medication usually present in the infant’s plasma (Austin and
Mitchell, 1998).
Lactation: Lithium passes into milk and its use should be avoided
during lactation as concentrations are 33 to 50% of those in the mother's
serum.
Adverse Effects Mild adverse effects may be encountered even when
serum lithium values remain below 1 mmol/L. The most frequent adverse
effects are the initial postabsorptive symptoms, believed to be associated
with a rapid rise in serum lithium concentrations. They include,
gastrointestinal discomfort, nausea, vertigo, muscle weakness and a dazed
feeling and frequently disappear after stabilization of therapy. The more
common and persistent adverse reactions are: fine tremor of the hands,
and, at times, fatigue, thirst, polyuria and nephrogenic diabetes insipidus.
These do not necessarily require reduction of dosage.
Mild to moderate toxic reactions may occur at lithium concentrations
from 1.5 to 2 mmol/L, and moderate to severe reactions at concentrations
above 2 mmol/L.
A number of patients may experience lithium accumulation during initial
therapy, increasing to toxic concentrations and requiring immediate
discontinuation of the drug. Some elderly patients with lower renal
clearances for lithium may also experience different degrees of lithium
toxicity, requiring reduction or temporary withdrawal of medication.
However, in patients with normal renal clearance the toxic manifestations
appear to occur in a fairly predictable sequence related to serum lithium
concentrations. The usually transient gastrointestinal symptoms are the
earliest side effects to occur. A mild degree of fine tremor of the hands may
persist throughout therapy. Thirst and polyuria may be followed by
increased drowsiness, ataxia, tinnitus and blurred vision, indicating early
intoxication. As intoxication progresses the following manifestations may be
encountered: confusion, increasing disorientation, muscle twitchings,
hyperreflexia, nystagmus, seizures, diarrhea, vomiting, and eventually
coma and death.
The following adverse effects have been reported usually related to
serum lithium concentrations:
Gastrointestinal:
Anorexia, nausea, vomiting, diarrhea, thirst, dryness of the mouth, metallic
taste, abdominal pain, weight gain or loss.
Neurologic: General muscle weakness, ataxia, tremor, muscle
hyperirritability, (fasciculation, twitchings, especially of facial muscles and

clonic movements of the limbs), choreoathetotic movement, hyperactive
deep tendon reflexes.
CNS:
Anesthesia of the skin, slurred speech, blurring of vision, blackout spells,
headache, seizures, cranial nerve involvement, psychomotor retardation,
somnolence, toxic confusional states, restlessness, stupor, coma, acute
dystonia. EEG changes recorded consisted of diffuse slowing, widening of
the frequency spectrum, potentiation and disorganization of background
rhythm. Sensitivity to hyperventilation and paroxysmal bilateral
synchronous delta activity have also been described.
Cardiovascular:
Arrhythmia, hypotension, ECG changes consisting of flattening or inversion
of T waves, peripheral circulatory failure, cardiac collapse.
Genitourinary:
Albuminuria, oliguria, polyuria, glycosuria.
Allergic:
Allergic vasculitis.
Dermatologic:
Dryness and thinning of the hair, leg ulcers, skin rash, pruritis,
Hematologic:
Anemia, leucopenia, leucocytosis.
Metabolic:
Transient hyperglycemia, slight elevation of plasma magnesium, goiter
formation.
Nontoxic, diffuse or nodular goiters have developed in some patients after
initiation of therapy, apparently unrelated to other signs of lithium toxicity. A
decrease of PBI and increased I(131) uptake also have been reported.
Hypercalcemia, associated with lithium induced hyper- parathyroidism, has
also been reported.
Miscellaneous:
General fatigue, dehydration, peripheral edema.
Overdose Symptoms
Lithium toxicity is closely related to the concentration of lithium in the blood
and is usually associated with serum concentrations in excess of 2 mmol/L.
Early signs of toxicity which may occur at lower serum concentrations were
described under Adverse Effects and usually respond to reduction of
dosage. Lithium intoxication has been preceded by the appearance or
aggravation of the following symptoms: sluggishness, drowsiness, lethargy,
coarse hand tremor or muscle twitchings, loss of appetite, vomiting, and
diarrhea. Occurrence of these symptoms requires immediate cessation of
medication and careful clinical reassessment and management. Signs and
symptoms of lithium intoxication have already been described under
Adverse Effects.
Treatment:
Discontinue lithium therapy. Support respiratory and cardiovascular
functions. Depending on mental status, use ipecac syrup or gastric lavage.
Follow with activated charcoal and saline cathartic if multiple ingestion is

suspected (charcoal does not adsorb lithium effectively). Restore fluid and
electrolyte balance. Urinary alkalinization may have a limited effect on
increasing lithium excretion. Give a benzodiazepine as needed for agitation
and/or seizures. Phenytoin may be needed for seizures.
Hemodialysis is the treatment of choice when the above measures fail to
improve the patients clinical condition, reduce the serum lithium level or
lithium level is >3.5 mmol/L. Hemodialysis is more effective than peritoneal
dialysis but peritoneal dialysis is somewhat effective and can be used if
hemodialysis is not available.
In the long-term treatment of affective disorders, a distinction is made
between maintenance therapy (i.e. the prevention of relapse during a period
of illness that is not yet completely resolved) and long-term prophylaxis (i.e.
the prevention of future recurrences/episodes of illness). For maintenance
therapy, the medication administered during the current acute phase of the
manic and/or depressive episode is continued for a period of 4-6 months.
For long-term prophylaxis, mood stabilizing substances – primarily lithium
and antidepressants, but more recently also anticonvulsants – are used.
Long-term prophylaxis is indicated in cases in which a high frequency of
recurrences is to be expected. For example, patients suffering from bipolar
affective disorders (with manic and depressive phases) experience
recurrences more frequently than patients with unipolar depression (with
exclusively depressive phases). The recurrence rate also increases with the
number and frequency of previous periods of illness. Controlled studies
comparing long-term lithium treatment to placebo (or to no
pharmacotherapy) have yielded conclusive evidence that lithium is effective
in preventing relapse of bipolar manic episodes, and strong evidence that
lithium can prevent relapse of bipolar depressive episodes. There is also
sufficient evidence that long-term lithium therapy can prevent the
recurrence of unipolar depressive episodes. Studies comparing lithium to
tricyclic and tetracyclic antidepressants in the long-term prophylactic
treatment of unipolar depressive episodes have yielded contradictory
results: Most studies show the efficacy of lithium to be the same or greater
than that of the tricyclics and tetracyclics. In one study, however, lithium
was shown to be less effective. In the context of bipolar disorders, there is
not yet enough evidence to determine whether anticonvulsants have the
same long-term prophylactic efficacy as lithium. Studies conducted in
special lithium clinics and with adequate treatment monitoring have shown
that, when the course of disease before lithium treatment was compared to
the time during treatment, between 65% and 80% of patients showed a
positive response to therapy. Response to therapy was defined as the
absence of relapse (i.e. full response) or the decrease in frequency,
severity and/or length of recurrent episodes (i.e. partial response).
Treatment failure (i.e. non-response) occurred in 20-35% of patients.
Naturalistic studies have shown, however, that the effectiveness of lithium
in the prevention of recurrent episodes is lower under routine conditions.
“Effectiveness” must not be confused with “efficacy” in this context.

2. Treatment of Acute Mania
Lithium is the medication of choice for patients suffering from mild to
moderate mania. Patients suffering from severe mania who exhibit
pronounced motor restlessness and psychotic symptoms should be treated
first with a highly potent neuroleptic medication, followed by lithium therapy.
If a patient does not respond to lithium treatment, combination therapy with
lithium and carbamazepine should be considered. In the event of nonresponse to the latter, valproate monotherapy is a further option. If no
improvement is seen, then electro-convulsive therapy may be indicated.
Lithium is less effective for rapid cycling mood disorder and mixed manicdepressive episodes than it is for classical manic syndromes. The
therapeutic efficacy of lithium is also lower in the context of organic mania.
3.Treatment of Acute Depression
The majority of open and controlled studies demonstrate that acute
lithium therapy has a clear antidepressive effect, especially among
depressive patients with bipolar disorder. Nevertheless, lithium is regarded
as a substance with only “moderate antidepressive” efficacy and is not the
medication of first choice for the acute treatment of depressive illnesses.
The latter may also be due to the narrow therapeutic index of lithium.
Despite this, there are still a number of clinical situations in which lithium
plays an important role in the acute treatment of depression. These include:
bipolar patients suffering from a depressive episode of mild to
moderate severity. Bipolar disorder is a good predictor of a positive
response to lithium, and the risk that a patient will switch to a manic state is
lower when he or she is treated with lithium instead of antidepressants.
Depressive patients who do not respond to antidepressant
monotherapy. (lithium augmentation)
patients who switch into mania during treatment with an
antidepressant.unipolar patients in whom lithium prophylaxis is already
indicated due to recurrent depressive episodes. patients who, for medical
reasons, are unable to take antidepressants (e.g. due to intolerance).
In particular, the use of lithium as an adjunct to antidepressant
monotherapy (lithium augmentation) has been confirmed as an effective
means of treating therapy-resistent depression. Between 50-60% of
therapy-resistant depressive patients respond to the addition of lithium
within 2-6 weeks.

4. Lithium and bipolar disorders
Lithium, an effective treatment for mania and the prevention of
recurrent episodes of both mania and depression in patients with manicdepressive illness, exerts multiple biochemical effects. However any
clinically relevant site of action of lithium must occur at therapeutic
concentrations attained in the brain of patients and must account for the lag
period accompanying onset of action as well as effects persisting beyond
discontinuation of treatment (Lenox and Watson, 1994).
Chronic administration of lithium in rats markedly reduces a major
phosphoprotein substrate of protein kinase C in the hippocampus, an effect
that persists beyond the cessation of lithium treatment. This protein,
myristoylated alanine-rich C kinase substrate (“MARCKS”), is implicated in
synaptic neurotransmission, calcium regulation, and cytoscheletal
restructuring (Lenox and Watson, 1994). Clinical indications for the
treatment of affective illness include:
1. Long-term treatment to reduce the frequency and severity of
recurrent episodes of mania and depression in bipolar illness.
2. Acute treatment of mania in which the antimanic effect is more
specific than that of neuroleptics but has a longer latency of
action (5-10 days).
3. Long-term prophylaxis for recurrent episodes of depression in
unipolar illness.
4. Adjunctive treatment with antidepressants for refractory
depressive episodes.
The underlying biological processes responsible for the episodic
clinical manifestation of mania and depression may be related to faulty
homeostatic regulation in the brain. Patients with this disorder may lack the
necessary system flexibility to adaptively respond to the periodic
fluctuations in the internal and external state, but instead experience
sudden oscillations beyond immediate compensatory control. This system
failure results in the clinical manifestations of disruption of behavior and
profound changes in mood, circadian rhythm, and neurophysiology of sleep,
as well as significant alterations in neuroendocrine regulation, all consistent
with a dysregulation within the limbic system and associated regions of the
brainstem and prefrontal cortex. Regulation of signal transduction within
limbic and limbic-related regions of the brain, altering the balance of activity
of the complex network of neurotransmitter pathways, remains an attractive
site of the therapeutic action of a drug like lithium. Over the past several
years, emerging data have confirmed that the phosphoinositide secondmessenger system is an important site of action of lithium in the brain
(Lenox and Watson, 1994).
The plasticity of synaptic processes responsible for regulating
neurotransmission within the limbic system must play a significant role in
mediating homeostasis of behavioral-vegetative-emotional responses over
time. Cytoskeletal restructuring and membrane trafficking are integral to the
function of processes such as neurotransmitter release and up/down

regulation of receptor response systems, so necessary for appropriate
physiological adaptation of the organism to both internal and external
events. In the presence of normal compensatory systems and fine-tuning,
aberrant signals generated by faulty neurotransmitter systems might be
amplified and degenerate into inappropriate oscillations beyond immediate
physiological control. An interaction of chronic lithium with proteins critical
to such long-term molecular events may represent an attractive target for
the therapeutic action of this psychotropic agent in achieving clinical
stability in patients with manic-depressive illness (Lenox and Watson,
1994).
In acute and prophylactic treatment of bipolar affective disorder
lithium has been documented to share a common clinical profile with
carbamazepine, a widely used anticonvulsant drug (Jakobson and Wiborg,
1998).
5. Prophylaxis of Schizoaffective Psychoses (G. Lenz)
The introduction of the ICD-10 and DSM IV into clinical practice has
made the diagnosis of schizoaffective disorders more systematic, and has
also led to a more concise rendering of the term than was the case with
earlier diagnostic tools. Studies have shown that patients suffering from the
schizomanic/affective subtype (according to RDC) respond well to lithium
prophylaxis, whereas those with the schizodepressive/schizophrenic
subtype do not. Among patients with the schizomanic subtype (according to
RDC), carbamazepine prophylaxis is just as effective as prophylactic lithium
therapy. However, studies show that among patients suffering from the
schizodepressive subtype, carbamazepine is clearly superior to lithium in
terms of hospitalization and shows a tendency in terms of fewer
recurrences. In the long-term treatment of patients with the schizophrenic
subtype (according to RDC), neuroleptics have been shown to be markedly
superior to lithium prophylaxis. Open studies have yielded evidence that
valproic acid may also be able to reduce the frequency and intensity of
further schizoaffective episodes.
Selection Criteria for Curative and Prophylactic Lithium Treatment (P.
Grof)
When deciding whether a patient will benefit from long-term lithium
therapy, it is important to assess the risk of relapse, the psychosocial
effects of the disease on the patient, and the general medical risk of lithium
treatment. The recurrence increases with the number and frequency of
previous episodes. Although it is possible to accurately predict the course of
disease for large groups of patients, doing so for individual patients is
difficult due to interindividual variation. In general, the risk of relapse
increases with the frequency and number of previous episodes of illness.
The risk of relapse is considered high in the following cases: bipolar
disease with 2 phases in the previous 4 years, or a total of 3 phases
regardless of the time period in which they occur and (b) unipolar disease
with 2 phases in the previous 5 years, or a total of 4 phases regardless of

the time period in which they occur. It is important to distinguish between
long-term therapy of choice and a limited therapeutic trial. In typical cases
of bipolar or unipolar affective disorder, lithium is the long-term therapy of
choice when patients experience periods of complete remission and are
free of all psychopathological symptoms (i.e. patients with a normal profile
according to the MMPI [Minnesota Multiphasic Personality Inventory]). A
family history of bipolar affective disorder increases the chance of a positive
response to lithium prophylaxis. However, the occurrence of 4 or more
phases in one year decreases, but does not preclude, the chance of a
positive response. Lithium therapy can also prevent recurrences in patients
suffering from schizoaffective illness or schizophrenia with a periodic
course. However, there are no known predictors for these latter two patient
groups. Before deciding in favor of long-term lithium therapy, it is essential
to consider carefully the pros and cons of lithium treatment when compared
to the other drug regimens currently available. Manic patients who respond
well to acute treatment with lithium are generally those who are suffering
from classic manic symptoms. Lithium can be regarded as the therapy of
choice in patients who have a history of positive response to acute or
prophylactic lithium treatment.
6. The Differential Effects of Lithium and Their Significance When
Terminating
Long-term Lithium Therapy (P. Grof)
There is conflicting information in the literature on the consequences
of terminating lithium therapy. This is primarily due to the fact that the risk
assessments made so far have not taken into account interindividual
variation in the effects of lithium treatment. Lithium therapy can be
terminated immediately and need not be tapered off in patients who have
responded very well to lithium prophylaxis and have been completely free of
symptoms while on treatment. When recurrences do occur, they tend to
develop gradually and over a period of time that can range anywhere from
several weeks to several years (i.e. according to the natural course of
illness before lithium therapy was first initiated). Usually, patients who
experience a recurrence can be stabilized again by reinitiating treatment. If
lithium therapy was initiated primarily because of its antipsychotic effects
(i.e. unspecifically), abrupt withdrawal can very quickly lead to a recurrence,
most often in the form of a “rebound.” Reinitiation of lithium therapy does
not always result in restabilization. In such cases, the dosage of lithium
should be reduced gradually. Patients often interrupt or terminate lithium
therapy without consulting their physician. Frequently, this occurs at a point
in time when the risk of recurrence is particularly high. Medical reasons for
stopping lithium therapy include non-response to the drug, signs of toxicity
and severe side-effects. Lithium treatment should also be terminated prior
to certain medical examinations and before pregnancy. However, each
patient needs to be examined carefully and advised of the potential risks
involved in his or her particular case before the decision to terminate lithium
treatment can be made.

The Anti-suicidal and Mortality-lowering Effects of Lithium (B.
Ahrens, B.
Müller-Oerlinghausen)
Among patients with affective disorders the risk of suicide is
anywhere from 20 to 30 times greater – and overall mortality is 2 to 3 times
higher – than in the general population. Lithium has a mortality-lowering
effect, as well as specific anti-suicidal properties. The latter are at least
partially independent of the episode-preventing effects of lithium in
recurrent depressive and bipolar disorder.
When determining the appropriateness of lithium treatment, it is
important to consider any history of suicidal behavior in the patient or the
patient’s family. Research indicates that patients with a history of suicidal
behavior can benefit from the anti-suicidal properties of lithium, even if
lithium prophylaxis fails to prevent recurrences. In such cases, it is possible
to continue lithium as an adjunct to an alternative prophylactic regimen. The
use of lithium prophylaxis prevents an estimated 200 suicides per year in
Germany, despite the fact that the prescription rate of lithium is extremely
low (approximately 0.06% of the population) and, by some estimates,
should actually be at least ten times greater.
Risk of premature mortality significantly increases in bipolar manicdepressive disorders. Mortal risk arises from very high rates of suicide in all
major affective disorders, which are at least as great in bipolar illness as in
recurrent major depression. A review of 30 studies of bipolar disorder
patients found that 19% of deaths were due to suicide. In addition to
suicide, mortality is probably also increased due to comorbid, stressrelated, medical disorders, including cardiovascular and pulmonary
diseases. High rates of comorbid substance use disorders contributes
further to both medical mortality and suicidal risk, especially in young
persons, in whom violence and suicide are leading causes of death. Suicide
is strongly associated with concurrent depression in all forms of the
common major affective disorders.
Despite grave clinical, social, and economic effects of suicide, and its
very common association with mood disorders, specific studies on the
effects of mood-altering treatments on suicidal risk remain remarkably
uncommon and inadequate to guide either rational clinical practice or sound
public policy (Tondo, 1999).
Lithium in the Treatment and Prophylaxis of Pathological Aggression
(A. Nilsson)
Systematic research on lithium and pathological aggression
conducted in a number of different fields (e.g. studies in adult psychiatry, of
children and youths with behavioral disorders, of mentally retarded
individuals, and of isolated impulse-control disorders among prisoners)
have unanimously shown that the serum lithium levels normally reached in
the long-term treatment of bipolar disorders can reduce impulsive
aggression. Scientific investigations of aggression are still plagued by a

multitude of methodological problems. There is, for example, still no
adequate or uniform definition of aggression. Of particular clinical interest is
the pathological overreaction with primarily destructive intent. The majority
of studies on aggression have been conducted in closed institutions. This
makes it difficult to devise optimal treatment strategies for outpatient
medical care. The clinical significance of lithium for this indication is
minimal. This may be attributable to ethical reservations about prescribing
medication to control aggressive behavior, or possibly to problems with
compliance in this particular patient population.
Lithium Salts in Child and Adolescent Psychiatry (G.H. Moll, A.
Rothenberger)
For the treatment of a manic episode in childhood or adolescence,
lithium salts – like neuroleptics – are the medication of choice. A combination
treatment of lithium with neuroleptics is possible, but requires especially
careful monitoring. If a child or adolescent suffering from unipolar
depressive episodes does not respond sufficiently to treatment with
antidepressants, adding lithium salts during the depressive episode – to
increase the effectiveness of overall therapy – and then continuing lithium
treatment as long-term prophylaxis can be beneficial. After approximately 3
years, the need for further treatment should be assessed. For adolescents,
as well as adults, lithium salts are considered to be the medication of choice
in the long-term prophylactic treatment of bipolar affective disorders. In
contrast to the treatment of these disorders in adults, however, the unique
developmental conditions which characterize young adulthood make it
advisable to begin treatment in adolescents at an early stage, i.e. already
during the first episode. In the event of non-response, carbamazepine can
be administered as an alternative treatment. Lithium salts can lead to
improvements in patients with strongly pronounced explosive aggressive
behavioral disorders, as well as in those who exhibit impulsive, selfdestructive behavior (i.e. auto-aggression). Therapy should take place in an
inpatient setting for at least the first 6 to 8 weeks of treatment. As is the
case with the above mentioned affective disorders, there is only minimal
evidence of benefit when carbamazepine is used in this indication. If
pedagogical approaches and behavioral therapy have been unsuccessful,
child and adolescent patients with intellectual deficiency and who exhibit
explosive aggressive and/or auto-aggressive, self-destructive behavior may
benefit from inpatient treatment with lithium salts. The recommended
dosage and serum levels of lithium salts, as well as side-effects and
contraindications, are the same in adolescents as they are in adults.
However, lithium therapy is currently not recommended for children under
the age of 12, unless it is administered on a strictly inpatient basis. Even
when therapy with lithium salts is clearly indicated in child or adolescent
patients, it should nevertheless be regarded as only one component of a
larger, comprehensive, and multifaceted treatment plan that takes into
account each patient’s symptoms, state of development and function, as
well as his or her specific psychosocial circumstances.

Neurological Indications for Lithium Therapy (A. Berghöfer)
The main application of lithium in the field of neurology is as a
treatment for chronic cluster headaches. Lithium is no longer considered for
the prophylaxis of migraine headaches due to contradictory evidence
regarding its efficacy in this particular context. The efficacy of lithium in the
treatment of other neurological disorders (Meniere’s disease, epilepsy,
Huntington’s disease, Parkinson’s disease, tardive dyskinesia, periodic
hypersomnia, Gilles de la Tourette's syndrome, spasmodic torticollis,
hypokalemic periodic paralysis) has not yet ben demonstrated. In isolated
cases, lithium treatment in patients suffering from symptomatic affective
psychoses which appeared in the context of a neurological disorder has
been reported to be successful.
The Antiviral Effect of Lithium in the Treatment of Herpes Simplex
Infections
(J.K. Rybakowski)
Under experimental conditions, lithium inhibits the replication of
herpes simplex virus types 1 (HSV-1) and 2 (HSV-2) at a concentration of
5-30 mmol/l, most likely by interfering with viral DNA synthesis. Long-term
treatment with lithium at doses typical for the prophylaxis of affective
disorders can attenuate or even inhibit the reactivation of labial or genital
herpes infections, both in patients with affective psychoses and in
individuals who do not suffer from a psychiatric illness. Topical therapy with
8% lithium succinate ointment has been shown to have a positive
therapeutic effect on herpes lesions. The effect of lithium on herpes
infections may not only be due to the inhibition of viral DNA synthesis, but
also to the stress-reducing, immunomodulatory, and anti-inflammatory
properties of the drug.
Lithium and hematopoiesis
One of the early observations in patients receiving lithium treatment
was that they developed neutrophilia as a side effect. Latter it was
demonstrated that lithium stimulated hematopoiesis both in vivo and in
vitro. The exact mechanism by which lithium exerts its effects remains
obscure (Masemola et all, 1991).
The Effects of Lithium on the Hematopoietic System (V.S. Gallicchio)
Lithium increases the number of neutrophil and eosinophil
granulocytes, but probably not that of monocytes, basophil granulocytes,
thrombocytes or erythrocytes/reticulocytes in peripheral blood. Whereas
lithium increases the number of pluripotent stem cells in bone marrow, as
well as of granulocyte-macrophage and megakaryocyte precursors, it

probably reduces the number of erythrocyte progenitor cells. Researchers
suspect that these phenomena result from both the direct and indirect
effects of lithium on cells, including an increase in the number of
macrophages that produce growth factors and cytokines. A lithium-induced
increase in bone marrow activity also appears to play a role in this context.
A decline in erythropoiesis during lithium therapy may be due to inhibition of
cAMP which, in turn, inhibits prostaglandin E production. Thus, lithium can
be used to treat toxic impairment of the hematopoietic system, whether this
damage be caused by chemotherapy, radiation, antiviral medication, or
granulocytopenia induced by carbamazepine or neuroleptics. To date there
has been no scientific evidence that lithium can cause leukemia.
The Effects of Lithium on the Immune System (V.S. Gallicchio)
In humans lithium therapy may lead to an increase in
immunoglobulin synthesis by B-lymphocytes. However, the results of in
vitro experiments and animal testing are contradictory. Lithium stimulates
the proliferation of T-lymphocytes and appears to increase the phagocytic
activity of macrophages, but only at doses higher than those prescribed for
medical treatment. Experimental evidence suggests that lithium can
increase cytokine production. This has been confirmed in the case of
interleukin-2. Moreover, lithium potentiates tumor necrosis factor-mediated
cytotoxicity. In high doses, lithium inhibits cyclic AMP (cAMP), which leads
to an increase in the synthesis of interferon products. It appears that lithium
influences the immune system in part by reducing intracellular
concentrations of cAMP and inositol phosphate. Because of the high doses
involved, the potential usefulness of lithium in the treatment of inflammatory
and auto-immune diseases is still unclear. However, because it can
increase interleukin-2 production, as well as potentiate killer cell activity,
high-dose lithium has been used in the treatment of various cancers.
Recent evidence also indicates that, by inhibiting T-suppressor cells lithium
can reduce the severity of graft-versus-host reactions following transplants.
Of great importance is the potential use of lithium in the treatment of
immune deficiency syndromes such as AIDS. In vitro experiments have
shown that lithium can lead to a more robust immune response in patients
with AIDS. The direct antiviral effects of lithium, e.g. in herpes virus
infections, are already being utilized in clinical practice.
IV ADVERSE EFFECTS OF LITHIUM
Neurotoxic effects
The main effect of long-term lithium treatment is based on the
modification of behaviour and perception. These effects can be explained
within psychological models and need not be reduced to other, lower levels
of explanation. Over the last 25 years, animal studies, psycho-physiological
investigations in humans, and routine clinical observation have led to the
development of models which help explain the psychological effects of
lithium salts. The phenomenological model developed by Kropf integrates

concepts of genetic disease, aspects of the illness described in
psychological terms, as well as the acute and chronic effects of lithium.
Among healthy test subjects lithium can cause fatigue, apathy, irritability,
alternation between increased and decreased susceptibility to external
stimuli, and general feelings of illness along with negative thinking,
dysphoria, and lethargy. Depressive patients exhibit a rigid and nonregulable behavioral repertoire, both during acute episodes and over the
long term. This indicates a change in mental functions, such as cognition,
perception, emotions, and the ability to structure thoughts and process
information. Lithium most likely modulates these processes by raising the
perception threshold for various stimuli and improving information
processing structures. The aggression-dampening effect of lithium which
has been observed in human and animal studies is probably due to
changes in the perception of aggression-inducing stimuli, as well as to
improved control over aggressive impulses accompanied by a reduction in
the number of aggressive behavioral patterns.
Lithium can cause adverse effects in the central and peripheral
nervous system, even at standard therapeutic serum lithium levels. These
include common and relatively harmless side-effects such as lithiuminduced tremor and non-specific EEG changes, but also infrequent, though
severe, neurotoxic effects such as rigidity, nystagmus, and cognitive
impairments.
Risk factors for these severe neurotoxic effects are, above all, preexisting cerebral abnormalities, advanced age, and combination therapy
(especially with neuroleptics). The neurotoxic effects of lithium are generally
reversible and must be treated symptomatically. For cases of lithiuminduced tremor in which a reduction in serum lithium levels is insufficient or
impossible, propranolol (10-40 mg/day) is now regarded as the therapy of
choice.
Lithium and the Cardiovascular System
ECG repolarization abnormalities during lithium treatment are dosedependent, reversible, and have no clinical relevance. Arrhythmias occur
only infrequently at therapeutic serum lithium levels. When they do occur,
the most predominant changes are in the sinoatrial node function and
conduction properties of the atria and atrioventricular node (supra-His),
accompanied by replacement rhythms, or extrasystoles. From a
pathophysiological viewpoint, these abnormalities appear to result from a
increase in action potential duration with a concurrent increase in refractory
time, as well as a decline in the rate of depolarization (phase 4
depolarization). Because of the risk of syncopal attacks, relative
contraindications to lithium therapy include disorders that involve sinus
node dysfunction and bradyarrhythmias.

The Effects of Lithium on Thyroid Function (T. Bschor, M. Bauer, J.
Albrecht)
Lithium is a thyrostatic substance that decreases the synthesis of
thyroid hormones. The body compensates for this deficit by producing more
TSH which, however, also promotes euthyroid goiter formation. Recent
sonographic studies have been conducted in Germany on the frequency of
goiter formation during lithium treatment show that the prevalence is
probably much higher than previously thought (i.e. above 50%). Lithiuminduced goiters are, however, only of moderate size (grade 1).
Approximately 10-20% of patients on lithium treatment have
latent/subclinical hypothyroidism (i.e. a greater than normal increase in TSH
production). Clinical manifestations of hypothyroidism occur much less
frequently than latent hypothyroidism. When they do occur, they do so more
frequently in women and are often the result of a lithium-induced autoimmune reaction. Autoantibodies directed against thyroid tissue (i.e. against
thyreoglobuline and microsomes) are elevated in patients with affective
disorders and who are on lithium treatment, although this is not necessarily
a clinical sign of thyroiditis. Isolated cases of hyperthyroidism in patients
taking lithium have been reported.
Lithium and Kidney Function (D. Kampf)
The renal side-effects of lithium primarily affect the tubulointerstitium, but occasionally also the glomerular apparatus. It is absolutely
essential to differentiate between the effects of an adequately monitored
lithium therapy and lithium intoxication. Many publications fail to make a
careful and accurate distinction between the two conditions. Approximately
25% of patients on medium-term lithium therapy (<15 years), as well as
most patients on long-term lithium treatment (>15 years), develop chronic
lithium nephropathy. The primary clinical manifestation of this condition is
impaired urinary concentration, which may or may not be accompanied by
polyuria. This loss of function is of little clinical relevance. However, patients
with severe polyuria are at a greater risk of experiencing lithium intoxication
as a result of fluctuations in sodium levels. The glomerular filtration rate
remains stable in most patients, even during long-term lithium therapy.
Morphologically, the condition presents as largely unspecific, chronic
interstitial nephropathy. Lithium intoxication, on the other hand, can lead to
a drop in the glomerular filtration rate and, ultimately, to acute oligoanuric
renal failure. Morphologically, the renal effects of lithium intoxication range
from minor tubular changes to acute tubular necrosis. Reducing or
removing excess amounts of lithium generally leads to a full recovery.
Recurrent lithium intoxication, however, appears to promote the
development of progressive lithium nephropathy. Because of this, it is
absolutely essential to monitor serum lithium levels regularly. Subclinical
lithium intoxication should also be avoided. A very infrequent side-effect of

lithium prophylaxis is nephrotic syndrome, which presents morphologically
as a minimal lesion or, less frequently, as focal segmental glomerular
sclerosis. Discontinuing lithium treatment generally results in full remission
of the minimal lesion, whereas restarting lithium therapy usually leads to a
rapid relapse. In isolated cases, lithium has been shown to impair renal
tubular acidification by way of incomplete distal renal tubular acidosis.
However, this impairment is not accompanied by systemic acidosis and
thus has no clinical relevance.
The Effects of Lithium Salts on Carbohydrate Metabolism, Body
Weight, and
Gastro-intestinal Functions (B. Müller-Oerlinghausen)
Under certain experimental conditions, and particularly in animal
experiments, lithium can exhibit insulin-like effects. However, the insulininduced release of glucose may also be inhibited. A number of researchers
have conducted glucose tolerance tests on patients receiving long-term
lithium therapy. These tests have yielded contradictory results. An
impairment in glucose tolerance is most likely attributable to a lithiuminduced increase in body weight. Weight increase appears to occur in onethird of patients on lithium therapy, these patients gaining between 4 and 10
kg on the average. Eating behavior typical of overweight individuals, as well
as the consumption of high caloric drinks, play an important role in this
regard. Excess mortality due to cardiovascular disease is a well-known
effect of manic-depressive disorders. As a result, excessive weight gain in
this patient group should be prevented as early as possible. Nausea,
abdominal pains and frequent bowel movements are common side-effects
of lithium treatment. Their intensity and frequency are dependent on the
type of drug formulation used. The timing of drug intake (i.e. before or after
a meal) also plays an important role in this context.
Dermatological side effects of Lithium Therapy
Lithium contributes to a wide range of dermatological problems of
varying clinical significance. Dermatological reactions to lithium include
maculo-papular, acneiform and follicular eruptions, psoriasis, exfoliative
dermatitis and other manifestations. According to Deandrea et al (1982)
these skin reactions may arise either as a direct effect of lithium or
secondary to other known effects of lithium, such as hyperthyroidism.
Mechanisms of most of the lithium skin reactions remain wholly
speculative. A relatively short period of lithium administration can induce
significant collagen structural alterations in mouse skin even though lithium
levels were within the range used in clinical settings (Tzaphlidou and
Kounadi, 1998).

As the principal tensile component of the extracellular matrix, the
collagen fibrils plays a key structural role in connective tissues, providing
strength and conferring form while allowing flexibility (Tzaphlidou, 1999).
Lithium chloride treatment produces severe alterations in the
structure of mouse skin collagen fibrils. In thin-sectioned fibrils, cut
longitudinally, the overall architecture is disturbed. In cross-sections, lithium
has a dramatic effect on fibril diameter as well as on its profile. The effects
are more pronounced when the dosage is higher. For doses of 6 to 0.7 meq
Li/Kg, the arrangement of fibrils is disorganised in most areas. Although
there are areas where the parallel packing of fibrils remains, this is usually
replaced by a random arrangement (Tzaphlidou and Kounadi, 1998).
Lithium can trigger adverse skin reactions, exacerbate pre-existing
dermatoses and/or cause resistance to certain dermatological treatments.
Lithium therapy can trigger a first outbreak of psoriasis, aggravate preexisting psoriasis or cause patients to develop the pustular form of the
disease.
However, lithium succinate can be used topically to treat seborrhoic
eczema. Acne and acneiform dermatoses are the most commonly
described skin conditions associated with long-term lithium therapy. They
appear more frequently in younger patients.
Lithium has a stimulating effect on neutrophil granulocytes, which in
turn appears to promote the development of pustular diseases. Patients
suffering from the more common, milder skin reactions should be treated
according to standard dermatological procedure. If the dermatosis,
however, is more extensive and/or causes the patient great distress, a
reduction in the dose of lithium should be considered. Terminating lithium
therapy is only necessary in exceptional cases.
Lithium-induced Endocrine Changes
Between 10-42% of patients on lithium therapy develop
hypercalcemia, and up to 29% develop hyperparathyroidism. Possible
causes are increased secretion of intact parathormone (iPTH), a decrease
in parathyroid sensitivity to calcium, or cell hyperplasia of the parathyroid
gland. Monitoring serum calcium levels before and during lithium therapy is
obligatory. To date there is no evidence that endocrine hypertension can be
provoked by lithium treatment. Nevertheless, blood pressure checks are an
important part of therapy monitoring. Lithium can reduce testosterone
levels, especially in older men. An increase in luteinizing hormone (LH) may
indicate that Leydig cell function is impaired. Prolactin levels remain
unchanged during lithium treatment. As of yet, the influence of lithium on
female sex hormones has not been sufficiently studied. Among patients on
lithium therapy, no clinically relevant changes have been observed in levels
of growth hormone, anti-diuretic hormone (ADH), the renin-angiotensin
system, aldosterone, adrenocorticotropic hormone (ACTH), cortisol, or
melatonin.

The Effects of Lithium on Pregnancy and Sexuality
Animal experiments have shown that lithium leads to abnormal
embryonic development only when the dam has received a toxic or lethal
dose of the drug. Today, researchers and physicians are no longer certain
that the risk of abnormal fetal development is higher than normal during
lithium therapy in human mothers (at standard serum lithium
concentrations). To date lithium has not been shown to have mutagenic
effects. The side-effects of lithium therapy apply both to the pregnant
mother and the embryo. However, the toxicity threshold for the fetus is
lower. Because of this, it is absolutely essential that physicians give their
patients clear and detailed information about the benefits and risks of
lithium therapy during pregnancy so that these can then be carefully
weighed. The pregnancy itself must be monitored closely and, if at all
possible, by a specialized team of experienced physicians and nurses.
Serum lithium levels need to be low and consistent, and should be
monitored every two weeks. The fetus should also be examined regularly
via ultrasound, including echocardiogram. Switching from lithium therapy to
an antiepileptic for prophylactic treatment is not an alternative, as current
evidence indicates that carbamazepine and valproate carry with them a
significantly higher risk of teratogenicity. A mother may nurse her child
when on lithium therapy. However, the child’s development must be
properly monitored and the advantages of breastfeeding over formulafeeding need to be weighed against the risks. Changes in the sexual
behavior of patients on lithium have been reported, especially with regard to
libido, potency, and male erection. Such effects are plausible considering
lithium’s mechanisms of action and must be carefully differentiated from
changes caused by the patient’s primary illness.
Lithium intoxication
There are three types of lithium poisoning: acute, acute on chronic,
and chronic. Acute poisoning occurs in individuals who are not being
treated with lithium. Typically, acute poisoning occurs in someone who lives
in a household with a patient being treated with lithium and ingests it
accidentally, such as a child. Acute poisoning can also occur voluntarily,
typically as a suicide attempt. Acute poisoning generally carries less risk,
and patients have milder symptoms than observed in other forms of lithium
poisoning, since the elimination half-life is shorter in lithium-naive
individuals. Lithium levels need to be followed serially and hemodialysis
may be indicated, especially if renal function is compromised.
Acute on chronic poisoning occurs in patients being treated with
lithium who take an overdose. This ingestion may be accidental or
intentional, especially in patients with bipolar disorders who are manifesting
depression. This form of poisoning is generally more severe than acute

poisoning due to the prolongation of the lithium elimination half-life. Serum
concentrations above 3 to 4 mEq/L are often associated with severe
symptoms and generally require hemodialysis.
Chronic toxicity occurs in patients receiving chronic lithium therapy. Chronic
poisoning can occur in patients whose lithium dosage has been increased
or in individuals, whose renal function has decreased, resulting in an
increase in serum lithium levels. The severity of chronic lithium intoxication
correlates directly with the serum lithium concentration and may be
categorized as mild (1.5 to 2.0 mEq/L), moderate (2.0 to 2.5 mEq/L), or
severe (>2.5 mEq/L). Toxic symptoms may be present even when
concentrations are well within the recommended therapeutic range.
Symptoms associated with mild poisoning include lethargy, drowsiness,
coarse hand tremor, muscle weakness, nausea, vomiting, and diarrhea.
Moderate toxicity is associated with confusion, dysarthria, nystagmus,
ataxia, myoclonic twitches, and ECG changes (flat or inverted T waves).
Severe toxicity, which can be life-threatening, is associated with grossly
impaired consciousness, increased deep tendon reflexes, seizures,
syncope, renal insufficiency, coma, and death. However, the clinical
presentation of lithium toxicity is only loosely correlated with serum drug
concentrations, and there is great variability in severity associated with a
given concentration. Thus, management of toxicity should be dictated
primarily by patient presentation and not serum concentrations. The most
common manifestation of lithium toxicity is altered mental status. Lithium
poisoning frequently results in electrocardiogram (ECG) changes including
transient ST segment depression and inverted T-waves in the lateral
precordial leads. Occasional patients develop sinus node dysfunction and
syncope. Lithium toxicity may also cause GI symptoms, including nausea,
vomiting, diarrhea, bloating, and epigastric pain. Care must be taken to
distinguish GI symptoms from cardiac symptoms, especially in patients who
also present with an abnormal ECG. Lithium can occasionally cause
peripheral neuropathy or myopathy.
Lithium is concentrated within the thyroid and inhibits thyroid
synthesis and release. Thus, lithium can cause hypothyroidism and
hypothermia. However, it can also cause thyrotoxicosis and hyperthermia.
Lithium may also cause hyperparathyroidism and hypercalcemia. A recent
study of hyperthyroidism and long-term lithium therapy followed patients for
an average of 19 yr and found an increased incidence and prevalence of
hyperthyroidism, with a tendency toward promotion of parathyroid
hyperplasia and hypercalcemia. This study also found that the
hypercalcemia was either irreversible or only very slowly reversible, in
contrast to earlier case reports of patients treated with lithium for 10 d to 6 yr
in whom serum calcium levels returned to normal values within 1 to 4 wk
after lithium therapy was withdrawn. These findings suggest an association
between the duration of lithium treatment and the degree of persistence of
hypercalcemia. Since hypercalcemia can cause nephrogenic diabetes
insipidus, it could exacerbate lithium-induced nephrogenic diabetes
insipidus (see below).

Lithium does not always result in hypercalcemia, and some patients
maintain normal calcium levels despite elevated serum parathyroid
hormone levels. A recent 2-yr prospective study followed 53 patients and
found that their parathyroid hormone levels increased progressively over
the course of the study. However, there was no change in serum calcium or
phosphorus, or in the tubular reabsorption of phosphate (relative to GFR).
The fasting and 24-h urinary calcium excretion values were significantly
decreased over the 2 yr of the study, suggesting that bone resorption was
reduced.
The most common manifestation of lithium toxicity is altered mental status.
Lithium poisoning frequently results in electrocardiogram (ECG) changes
including transient ST segment depression and inverted T-waves in the
lateral precordial leads. Occasional patients develop sinus node dysfunction
and syncope. Lithium toxicity may also cause GI symptoms, including
nausea, vomiting, diarrhea, bloating, and epigastric pain. Care must be
taken to distinguish GI symptoms from cardiac symptoms, especially in
patients who also present with an abnormal ECG. Lithium can occasionally
cause peripheral neuropathy or myopathy.
Lithium is concentrated within the thyroid and inhibits thyroid
synthesis and release. Thus, lithium can cause hypothyroidism and
hypothermia. However, it can also cause thyrotoxicosis and hyperthermia.
Lithium may also cause hyperparathyroidism and hypercalcemia. A recent
study of hyperthyroidism and long-term lithium therapy followed patients for
an average of 19 yr and found an increased incidence and prevalence of
hyperthyroidism, with a tendency toward promotion of parathyroid
hyperplasia and hypercalcemia. This study also found that the
hypercalcemia was either irreversible or only very slowly reversible, in
contrast to earlier case reports of patients treated with lithium for 10 d to 6 yr
in whom serum calcium levels returned to normal values within 1 to 4 wk
after lithium therapy was withdrawn. These findings suggest an association
between the duration of lithium treatment and the degree of persistence of
hypercalcemia. Since hypercalcemia can cause nephrogenic diabetes
insipidus, it could exacerbate lithium-induced nephrogenic diabetes
insipidus (see below).
Lithium does not always result in hypercalcemia, and some patients
maintain normal calcium levels despite elevated serum parathyroid
hormone levels. A recent 2-yr prospective study followed 53 patients and
found that their parathyroid hormone levels increased progressively over
the course of the study. However, there was no change in serum calcium or
phosphorus, or in the tubular reabsorption of phosphate (relative to GFR).
The fasting and 24-h urinary calcium excretion values were significantly
decreased over the 2 yr of the study, suggesting that bone resorption was
reduced.
Thiazide diuretics have a significant potential to increase serum
lithium concentrations. These diuretics induce a natriuresis that leads to a
compensatory increase in the reabsorption of sodium (and lithium) in the
proximal tubule. This effect of thiazide diuretics has been suggested in

many case reports, describing lithium toxicity subsequent to thiazide
initiation, and has also been documented in a handful of small controlled
studies. In general, therapeutic doses of thiazide diuretics result in a 25 to
40% decrease in lithium clearance with a concomitant increase in serum
lithium levels. The nature of this interaction is quite variable and the most
conservative approach is simply to avoid the use of thiazide diuretics if
possible.
Another risk factor is a concurrent illness that results in decreased
circulating volume, either true volume depletion or decreased effective
circulating volume. A common example is a patient acquiring a viral illness,
such as a cold, the flu, or gastroenteritis, that results in decreased oral
intake or increased gastrointestinal losses. The decrease in circulating
volume will stimulate proximal tubule sodium reabsorption, similar to the
effect of thiazide diuretics, and also result in an increase in proximal lithium
reabsorption and serum lithium levels.
Other risk factors include alterations in serum potassium or sodium
concentrations. Sodium restriction enhances the renal tubular reabsorption
of lithium, thus leading to potentially toxic serum levels of lithium. Serum
potassium concentrations can have variable effects on serum lithium levels.
For example, acute hyperkalemia increases lithium reabsorption in dogs. In
dogs, raising plasma potassium from 2.6 to 7.9 mEq/L decreases water
reabsorption and increases lithium reabsorption without changing GFR.
However, chronic reductions in dietary potassium can result in increased
lithium reabsorption in the rat. In rats fed a low potassium diet, lithium is
reabsorbed by an amiloride-sensitive transport mechanism in the distal
nephron, and fractional excretion of lithium is reduced by almost 50%
compared with that of potassium-replete rats.
The most frequent side effect of lithium is nephrogenic diabetes
insipidus, with an estimated prevalence of 20 to 70%. Patients present with
polyuria, polydipsia, and an inability to concentrate their urine. Chronic
treatment with lithium results in a marked reduction in the vasopressinregulated water channel aquaporin-2 in the apical plasma membrane of
principal cells in the collecting duct, and a marked inhibition of water
reabsorption, even when serum lithium levels are therapeutic. This side
effect is very important clinically since patients with lithium-induced diabetes
insipidus must maintain their oral fluid intake to keep up with their urinary
losses to avoid becoming volume-depleted. Volume depletion will increase
proximal reabsorption and serum lithium levels, placing the patient at risk
for acute on chronic lithium toxicity.
Because of the risk of volume depletion, some nephrologists
recommend treating lithium-induced nephrogenic diabetes insipidus to
reduce urine volume. One approach is to reduce lithium dosage to achieve
a serum level of 0.4 to 0.8 mEq/L, provided that the patient's psychiatric
symptoms can be controlled by this lower dosage. The lower lithium levels
can reduce the polyuria. Another approach is to treat the patient with
thiazide diuretics, similar to the method used for other forms nephrogenic
diabetes insipidus. However, as discussed above, thiazides may cause

volume depletion since the patient must consume a sodium-restricted diet
for thiazide diuretics to be effective, and volume depletion can increase
lithium levels and exacerbate its toxicity. Thiazides may also cause
hypokalemia, and hypokalemia can cause or exacerbate nephrogenic
diabetes insipidus). One recent case report describes the successful use of
indomethacin for the emergent treatment of polyuria in a lithium-intoxicated
patient. However, the long-term use of any NSAID for polyuria has not been
tested and may increase serum lithium levels by decreasing GFR.
Amiloride is currently the treatment of choice for lithium-induced
nephrogenic diabetes insipidus. Amiloride does not cause hypokalemia and
does not require the patient to be placed on sodium restriction, thus
reducing the risk of volume depletion. Amiloride can also reduce lithium
uptake into cells since it blocks lithium transport by the amiloride-sensitive
epithelial sodium channel. Amiloride can significantly reduce urine volume
when administered chronically to lithium-treated patients. However, lithium
dosage should be reassessed after starting amiloride since it can alter
lithium levels.
The question of whether chronic lithium therapy causes chronic
interstitial nephritis remains controversial. In several studies in which renal
biopsies were performed in lithium-treated patients, either for polyuria or
reduced GFR, abnormal biopsy results were found that were consistent with
chronic interstitial nephritis. These biopsy findings included tubular atrophy
and dilation, sclerotic glomeruli, cyst formation, and cortical and medullary
fibrosis. These patients either had no change, or only a mild decrease, in
GFR. A cohort of 86 patients without prior renal disease who were treated
with lithium for 10 yr were followed at Johns Hopkins Hospital in Baltimore;
these patients serum creatinine increased from 1.0 to 1.2 mg/dl. The
authors report that there was a significant positive correlation between the
duration of lithium therapy and the level of serum creatinine, but the r value
was only 0.32 and the final average serum creatinine was still within the
normal range.
The preceding studies used healthy subjects as controls. Subsequent
investigators studied psychiatric patients as control subjects who were not
being treated with lithium and found that histologic lesions on renal biopsy
in these patients were similar to those treated with lithium. This finding
raised the question of whether chronic interstitial nephritis results from
having a psychiatric disorder rather than from lithium per se. Another study
found that patients treated with both lithium and neuroleptics had more
sclerotic glomeruli and more advanced tubulointerstitial changes on renal
biopsy than patients treated solely with lithium. However, these patients
also had more advanced psychiatric disorders and had been treated with
lithium for longer periods of time. Some Australian studies do report a lesion
that occurs in lithium-treated patients but not in psychiatric control subjects:
The distal tubules and collecting ducts have cytoplasmic swelling with
glycogen accumulation, dilated tubules, and microcyst formation.
Thus, the issue of whether lithium poses a serious risk for chronic
interstitial nephritis and renal failure is unresolved. Rarely, patients have

been reported to develop the nephrotic syndrome or ESRD from lithium. At
present, the most prudent approach is to follow serum creatinine levels
closely in lithium-treated patients and to maintain lithium levels as low as
possible to decrease the risk of toxicity while controlling the patient's
psychiatric symptoms. Renal function must be followed carefully throughout
the course of treatment with lithium since the development of diabetes
insipidus and chronic interstitial nephritis is often irreversible, even when
lithium therapy is discontinued. Thus, it is important to detect decreases in
renal function early so that lithium can be stopped, or the dose decreased,
before serious loss of renal function occurs.
Lithium poisoning may present in several different ways. However, the
initial management is similar. If the patient has altered mental status with
decreased consciousness, the oral airway must be protected. A lithium level
and an SMA7 should be drawn early to assess the level of intoxication and
renal function. A nasogastric tube should be placed and gastric lavage
performed. Administration of activated charcoal is not useful because it
does not bind lithium ions. Several studies suggest whole bowel irrigation
using polyethylene glycol to remove unabsorbed lithium from the GI tract
and to prevent its absorption. This is especially important for patients who
ingest a sustained-release lithium preparation.
The final step in initial management is volume resuscitation. Patients
with underlying lithium-induced diabetes insipidus may present with volume
depletion. Whole bowel irrigation may also lead to volume depletion.
Regardless of the cause of volume depletion, patients should receive
normal saline intravenously to reverse and prevent volume depletion, and to
maintain a good level of urine output. While receiving normal saline,
patients must be monitored to prevent hypernatremia, especially in those
with underlying diabetes insipidus.
After stabilizing the patient, management shifts to increasing lithium
removal from the patient. In patients with normal renal function, the kidneys
can clear lithium at a rate of 10 to 40 ml/min. In theory, forced diuresis using
normal saline should increase lithium clearance by decreasing proximal
reabsorption. However, clinical studies have shown no increase in lithium
clearance with forced diuresis, except in patients who present with true
volume depletion. Thus, this therapy is not recommended. Another
approach is the use of the cation exchange resin, sodium polystyrene
sulfonate, to remove lithium in exchange for sodium. This approach has
shown some benefit in limited clinical studies. However, the effectiveness of
repeated doses has not been studied and may produce hypokalemia.
The primary modality for removing lithium is hemodialysis. Peritoneal
dialysis clears only 9 to 15 ml/min of lithium and is not recommended for
treating lithium poisoning. Conventional hemodialysis can reduce plasma
lithium by 1 mEq/L per 4 h of treatment. High flux should be capable of
removing more lithium per hour of hemodialysis, but published values are
not available. The hemodialysis catheter should be left in place because
treatment must often be repeated since hemodialysis does not clear
intracellular lithium effectively. Thus, serum lithium levels often rebound

after hemodialysis as the intracellular lithium exits cells and reenters the
blood-stream. Lithium levels may also rise in patients who ingested a
sustained-release lithium preparation due to continued lithium absorption
from the GI tract. Thus, lithium levels must be checked frequently, even
after hemodialysis.
Hemodialysis should be performed in any patient with lithium
intoxication who presents with coma, convulsions, respiratory failure,
deteriorating mental status, or renal failure. Hemodialysis should also be
performed in anyone whose lithium excretion is impaired; this is assessed
by measuring serial lithium levels. If the lithium level fails to decrease
despite conservative therapy, whether due to continued GI absorption or
diffusion of lithium from cells, then hemodialysis should be performed.
Another kinetic criterion for instituting hemodialysis is if more lithium can be
cleared by a single hemodialysis treatment than by the kidneys in 24 h.
One should also strongly consider hemodialysis for any patient on
chronic lithium therapy with serum lithium levels exceeding 4 mEq/L, or for
patients with lithium levels between 2.5 and 4 mEq/L who develop serious
cardiac or neurologic symptoms. Patients on chronic lithium therapy are at
higher risk for permanent deficits from lithium poisoning than patients with
acute poisoning since intracellular lithium levels are thought to be
responsible for irreversible toxicity. Thus, acutely poisoned individuals may
not need hemodialysis until lithium levels reach 6 to 8 mEq/L. Dialysis is
rarely indicted in patients with serum lithium levels below 2.5 mEq/L.
However, several lithium levels must be measured as the level may rise
after admission.
A decision to initiate hemodialysis should be made approximately 8 to
12 h after admission. This decision should be made based on serial lithium
levels, the level of renal function, and the patient's overall clinical condition.
Because hemodialysis is very effective at removing lithium from the blood
and has minimal side effects, it should be undertaken whenever the
nephrologist has any doubts about not performing hemodialysis.
Hemodialysis should be performed using a bicarbonate bath and not with an
acetate bath, as lithium clearance from intracellular stores is reduced when
an acetate bath is used. A case report describes the use of a high
phosphorus bath to prevent hypophosphatemia after hemodialysis for
lithium intoxication. Alternatively, serum phosphorus should be checked
after hemodialysis and hypophosphatemia corrected orally.
After initiating hemodialysis, lithium levels must continue to be
checked frequently, because they often rebound. Typically, at least two
hemodialysis treatments are necessary in patients requiring hemodialysis.
Serum lithium levels can rise for up to 3 to 4 d after admission. In one case
report, lithium levels began to increase after the patient was allowed to
resume eating due to absorption of residual lithium from the GI tract. These
experiences emphasize the need for prolonged, close monitoring of lithiumpoisoned patients, especially those receiving sustained-release lithium
preparations.

Continuous renal replacement therapies have been used on a limited
basis for treating lithium poisoning. Continuous arteriovenous hemodialysis
and continuous venovenous hemodialysis can clear 60 to 85 L/d of lithium;
their continuous nature decreases concerns about lithium rebound.
Continuous therapies do not reduce lithium levels as quickly as
hemodialysis and are often limited by the need for anticoagulation. They
may be particularly useful for patients with chronic poisoning in whom
intracellular lithium accumulation poses a substantial risk for permanent
sequelae.
The Psychological Approach to the Effects of Lithium
Prophylaxis (W. Classen)
The main effect of long-term lithium treatment is based on the
modification of behavior and perception. These effects can be explained
within psychological models and need not be reduced to other, lower levels
of explanation. Over the last 25 years, animal studies, psychophysiological
investigations in humans, and routine clinical observation have led to the
development of models which help explain the psychological effects of
lithium salts. The phenomenological model developed by Kropf integrates
concepts of genetic disease, aspects of the illness described in
psychological terms, as well as the acute and chronic effects of lithium.
Among healthy test subjects lithium can cause fatigue, apathy, irritability,
alternation between increased and decreased susceptibility to external
stimuli, and general feelings of illness along with negative thinking,
dysphoria, and lethargy. Depressive patients exhibit a rigid and nonregulable behavioral repertoire, both during acute episodes and over the
long term. This indicates a change in mental functions, such as cognition,
perception, emotions, and the ability to structure thoughts and process
information. Lithium most likely modulates these processes by raising the
perception threshold for various stimuli and improving information
processing structures. The aggression-dampening effect of lithium which
has been observed in human and animal studies is probably due to
changes in the perception of aggression-inducing stimuli, as well as to
improved control over aggressive impulses accompanied by a reduction in
the number of aggressive behavioral patterns.
The Pharmacokinetics of Lithium Salts (K. Lehmann)
The kinetics of lithium are determined by the fact that it is a simple,
monovalent cation. The anion and/or the galenic formulation chosen for the
final drug product primarily influence the resorption phase. This needs to be
taken into account when initiating lithium treatment or changing a patient’s
prescription. The primary route of lithium elimination is renal (via glomerular
filtration). Between 70-80% is reabsorbed in the proximal tubule. The
overall elimination half-life of lithium is approximately 24 hours. The
exogenous clearance of lithium (ca. 19-20%) is approximately equal to the

endogenous clearance of the drug in patients with normal renal function.
The renal clearance of lithium is subject to manifold influences, the most
significant of which are (a) changes in electrolyte levels and (b) the
secretion of aldosterone. Impaired kidney function and age-related
decreases in renal clearance can lead to a dramatic rise in serum lithium
levels. Lithium is distributed slowly and unevenly in the human body.
Distribution is usually complete within 12 hours of first ingestion. During
lithium therapy, steady state concentrations are generally reached within 47 days of repeated oral application in patients with normal renal function.
Exact drug monitoring is absolutely essential not only in all problem cases
or when medication(s) are adjusted or switched, but also during routine
follow-up exams.
Lithium Intoxication (W.P. Kaschka)
Lithium intoxication can manifest itself in a number of ways, including
central nervous, neuromuscular, gastrointestinal, cardiovascular, renal, and
other, less frequent groups of symptoms. There is, at best, a rough
correlation between serum lithium levels and the symptoms of lithium
intoxication. As an approximate guide for clinical practice, it can assumed
that serum lithium levels of 1.5 mmol/l or more will generally lead to adverse
side-effects. Clear signs of lithium intoxication can almost always be
observed at serum lithium levels of 2.0 mmol/l or more. Levels of 3.5 mmol/l
or more can result in death. Lithium intoxication cannot be ruled out simply
based on the fact that serum lithium levels are within therapeutic limits. If in
doubt, it can be helpful to determine the lithium concentration in brain tissue
using NMR spectroscopy. Alternatively, it is possible to measure the
concentration of lithium in erythrocytes. The risk of permanent organ
damage, especially of the brain and kidneys, increases with the time the
body is exposed to toxic concentrations of lithium. Therefore, if a patient is
diagnosed with lithium intoxication, it is important to act immediately.
Lithium intoxication can be caused either by a single, large overdose
of lithium salts (i.e. as part of a suicide attempt) or a reduction of renal
lithium clearance resulting, for example, from kidney disease. Because
renal function can be influenced by a variety of factors, it is absolutely
essential that physicians be aware of anything that might predispose their
individual patients to lithium poisoning. Physicians who administer lithium
prophylaxis must be well-trained in pharmacology, have experience with the
administration and monitoring of long-term lithium treatment, and be able to
build a relationship of mutual trust between themselves, their patient, and –
if possible – people who are part of the patient’s psychosocial environment.
Treatment of Lithium Intoxication (T.R. Zilker)
Lithium has a high volume of distribution, a long plasma elimination
half-life, and – though the drug is cleared primarily by the kidneys – minimal
renal clearance. This unfavorable pharmacokinetic profile makes it difficult
to treat lithium poisoning. Lithium poisoning is treated on a primarily

symptomatic basis. Gastric lavage or induced emesis are only helpful in the
event of acute overdose (e.g. from a suicide attempt) and if performed
within one hour of drug ingestion. Most often lithium has already been
absorbed and it is necessary to enhance the excretion of lithium from the
body. This can be accomplished using several methods, including saline
infusion, fluid therapy while ensuring that kidney function is maintained, and
– in the event of severe intoxication – hemodialysis. The goal of symptomatic
treatment is to maintain adequate respiration, stop any cramping which may
occur, treat arrhythmias, and restore fluid and electrolyte balance.
Cardiovascular-stimulating drugs have to be used in patients exhibiting
signs of shock. Changes in thyroid function and the hematopoietic system
must be monitored and, if necessary, treated. In mild cases of lithium
intoxication with sodium loss, clearance of lithium can be increased by
administering sodium chloride. Severe cases, however, require one or more
hemodialysis sessions. The interval between two sessions can be bridged
using hemofiltration. The best form of treatment is determined by the overall
clinical picture, serum lithium concentration, and the state of renal function.
Comatose patients should undergo immediate hemodialysis. Depending on
their general condition, patients with neurological symptoms, but without
disturbance of consciousness, should be kept in intensive care and treated
symptomatically. If, however, a patient’s serum lithium level is above 3
mmol/l, or if it is above 2 mmol/l and his or her general condition is poor,
then he or she should undergo hemodialysis.
Interactions Between Lithium Salts and Other Drugs (B. MüllerOerlinghausen)
Due to older age, multimorbidity, treatment by different doctors, selfmedication, and recurrent episodes of illness, it is common for patients on
long-term lithium therapy to be concurrently taking one or more drugs in
addition to lithium. Of the psychotropic drugs which can be administered
concurrently with lithium, neuroleptics such as haloperidol or thioridazine
are those which most commonly lead to clinically relevant side-effects, even
if the absolute number of cases is quite low overall. When side-effects do
occur, however, it is important to make a clear distinction between the
neurotoxic effects that can arise when serum lithium is at therapeutic levels
and the side-effects which result from high doses of neuroleptics and/or
subtoxic serum lithium concentrations. In certain cases, antidepressant
drugs – especially SSRIs – taken together with lithium salts can induce
serotonin syndrome. Antiphlogistics, such as diclofenac, ibuprofen,
indomethacine, piroxicam, but not acetylsalicylic acid or sulindac, reduce
renal lithium clearance and thus increase the risk of lithium intoxication. The
same applies to diuretic medications, which are often used to treat high
blood pressure. Thiazide diuretics appear to be the strongest inhibitors of
renal clearance. Potassium-sparing substances have the lowest inhibitory
potential with regard to lithium clearance. Furosemide appears to be
relatively safe when administered to patients on long-term lithium therapy,

but only in the absence of dehydration. Both methyldopa and, above all,
ACE inhibitors can induce lithium intoxication. Lithium should be stopped
24-48 hours prior to surgical procedures or electroconvulsive therapy. In
some patients, lithium may increase the severity of ECT side-effects and
prolong the neuromuscular blockade caused by muscle relaxants.
The Pharmacoeconomics of Lithium Prophylaxis (K. Lehmann, B.
Ahrens, B.
Müller-Oerlinghausen)
A recent critical analysis of the pharmacoeconomics of long-term
lithium prophylaxis showed that the benefits of such treatment clearly
outweigh the costs. In Germany, the prescription volume for lithium in 1991
amounted to at least 16 million defined daily doses. Treatment frequency in
the German population was approximately 0.06%. The yearly cost of longterm lithium treatment was estimated at Euro 444 per patient.
In 1991, lithium prophylaxis in the Federal Republic of Germany
resulted in a savings in the gross national product of approximately Euro
113 million. Long-term lithium prophylaxis can reduce suicide mortality,
leading to a gain of approximately 3060 working years in the population
under 65 years of age. Given the impressive benefits of long-term lithium
prophylaxis, it is unfortunate that many patients whose condition clearly
warrants treatment are denied adequate prophylactic treatment with lithium.
Alternatives and Supplements to Lithium Treatment
Prophylactic Efficacy of Antidepressants (B. Woggon)
The prophylactic efficacy of antidepressants in the treatment of
unipolar affective disorder (i.e. recurrent depression) has been
demonstrated in placebo-controlled studies. Independently conducted
meta-analyses of long-term placebo-controlled studies investigating the use
of lithium and antidepressants in the long-term treatment of depression
have shown both to have comparable efficacy. Clinical experience indicates
that lithium prophylaxis may be preferable to antidepressants in the
treatment of unipolar affective disorder because of better tolerability,
superior mood stabilization, the decrease in efficacy sometimes observed in
antidepressant therapy, increased chances of remission, more potent antisuicidal properties, and the common difficulty of distinguishing between
unipolar or bipolar disease in an initial diagnosis.
Long-term Prophylaxis With Anticonvulsants (H.M. Emrich, D.E.
Dietrich)
The use of anticonvulsants in the long-term treatment of affective
psychoses represents an important alternative (or addition) to lithium
prophylaxis for patients who do not respond sufficiently to lithium
monotherapy, or who cannot be treated with lithium due to side-effects or
contraindications. Studies have shown that carbamazepine and valproate
(dipropylacetamid), and possibly oxcarbazepine can be effective in the

long-term treatment of affective psychoses. Individually, these drugs can be
used in long-term prophylaxis either as adjuncts to lithium therapy or as
monotherapeutic agents. In the long-term treatment of affective psychoses,
the antimanic potential of these agents is apparently stronger than their
antidepressive effects. With respect to its differential therapeutic profile,
carbamazepine is superior to other anticonvulsives in the prophylaxis of
schizoaffective psychoses, whereas valproate displays greater efficacy in
the treatment of purely bipolar psychoses. Benzodiazepines have no
clinical relevance with regard to long-term prophylaxis, but do appear to be
useful in the acute phase to help bridge the time until a stable state has
been reached.
The MAP Study: Long-term Prophylaxis of Affective and
Schizoaffective
Disorders (W. Greil, N. Erazo)
The MAP study (Multicenter Study Affective Psychoses) was a
prospective, controlled pharmacotherapy trial conducted at nine university
centers inGermany and with a treatment period of 2 _ years. In this trial,
researchers compared (a) the efficacy of lithium and amitriptyline in the
long-term treatment of patients suffering from unipolar depression and (b)
the efficacy of lithium and carbamazepine in the long-term treatment of
patients suffering from bipolar or schizoaffective psychoses. The carefully
documented recruitment process for the MAP trial ensured the
representativeness of the 315-patient random sample that was studied. It
can therefore be safely assumed that the results cited here can be
generalized and applied to patients who are hospitalized due to affective or
schizoaffective disorders, and are in need of, and willing to receive, longterm prophylactic treatment. The comparison of 40 unipolar patients on
lithium therapy to 41 on amitriptyline showed lithium treatment to be more
effective in terms of the outcome criterion “recurrence or subclinical
recurrence.” The comparison of 74 bipolar patients on lithium therapy to 70
patients taking carbamazepine showed lithium to be either tendentially or
significantly superior in all outcome criteria. Among the 90 patients with
schizoaffective disorder (43 on lithium; 47 on carbamazepine), differences
(in favor of carbamazepine) were only visible in diagnostic subgroups. More
patients on carbamazepine (13) than on lithium (5) had to stop therapy due
to severe side-effects. However, the long-term tolerability of carbamazepine
was superior to that of lithium.
Pharmacotherapy of Prophylaxis-resistant Affective Disorders (M.
Bauer)
Approximately 20-30% of patients with affective psychoses do not
respond adequately to lithium prophylaxis. Particularly challenging from a
therapeutic point of view are patients who have suffered more than four
affective phases in the previous 12 months (i.e. rapid cyclers). The term
“prophylaxis resistance” has yet to be defined precisely in the literature. A
widely accepted and pragmatic clinical definition is non-response to at least

two different, properly conducted attempts at treatment (i.e. each >6 months
in length and with adequate serum levels of the respective prophylactic
agent). Before choosing a prophylactic regimen other than lithium
monotherapy, physicians should first rule out a pseudo-resistance to
prophylaxis and optimize lithium therapy. To date there have been no
controlled studies of treatment strategies for prophylaxis-resistant patients.
Physicians must therefore base their decisions on case series, open trials,
and empirical experience. The best-established treatment method in such
patients is combination treatment with lithium and carbamazepine, or
lithium and valproate. A promising new treatment method in the
maintenance therapy of prophylaxis-resistant affective disorders is the
adjunctive use of supraphysiological doses of L-thyroxine (T4). However,
this method is still experimental and requires further examination in
controlled studies. Other therapeutic methods include the adjunctive use of
a neuroleptic (e.g. clozapine) to treat bipolar I disorder with primarily manic
episodes, as well as the use of an antidepressant to treat patients with
unipolar depression or bipolar II disorder. Tricyclics should be avoided in
patients who experience rapid cycling, however. Newer methods include
treatment with calcium antagonists, the antiepileptic drug lamotrigine, or
electroconvulsive maintenance therapy.
The Role of Cognitive-behavioral Therapy in Lithium Prophylaxis (T.
Wolf)
Cognitive variables, such as negative self-assessments, are
discussed in the literature as long-lasting vulnerability factors that can result
from depressive syndromes and be successfully treated by means of
behavioral therapy. To date, little attention has been paid to the role of
dysfunctional cognitive structures in manic-depressive disorders, as these
structures appear to be less conspicuous in patients with bipolar disorders
during symptom-free intervals than they do in unipolar depressive patients.
Recent studies have shown that manic-depressive patients who have
achieved full remission of symptoms may still exhibit dysfunctional cognitive
structures despite successful long-term prophylactic treatment. Thus,
cognitive-behavioral therapy would also appear to be indicated in this
patient group to reduce the risk of recurrence.
The Role of “Interpersonal and Social Rhythm Therapy” in the Longterm
Prophylactic Treatment of Bipolar Disorders (E. Schramm)
In light of the limited efficacy of pharmacotherapy in the treatment of
bipolar disorder, as well as the growing awareness of the negative
psychosocial effects of the disease, the adjunctive use of psychotherapy
appears to be a valid therapeutic option.
“Interpersonal and Social Rhythm Therapy” (IP/SRT) is a version of
Klerman and Weissman’s “Interpersonal Psychotherapy” (IPT) specially
modified for the prophylactic treatment of bipolar disorders. IPT is among
the most effective psychological treatments for depression. As part of

IP/SRT, elements of interpersonal therapy are combined with behavioral
therapy in order to help stabilize a patient’s social rhythms. This is based in
part on the assumption that mood stability is to a great extent dependent on
the regularity of social rhythms and their influence on the stability of
biologically-based circadian patterns. The main objectives of IP/SRT
include helping patients cope with the residual symptoms of their disorder,
as well with the psychosocial consequences and adverse interpersonal
effects of past affective episodes. Other objectives include regulating
everyday living patterns and reducing the risk of recurrence. The therapy
itself is highly structured and its individual components are clearly outlined
in a physician’s handbook.
Psychodynamic Processes During Long-term Lithium Therapy (U.
Rüger)
Long-term lithium therapy reduces a patient’s vulnerability to internal
ambivalence conflicts, helping ensure that he or she is able to maintain a
moderate (neurotic) functional level without regressing to a low (psychotic)
functional level during periods of mental stress. During long-term lithium
therapy it is possible to achieve lasting and dynamic changes in a patient’s
family and social surroundings. These changes are due to a reduction in the
number of illness episodes, as well as to the patient’s ability to maintain a
moderate functional level and thus to process conflicts in a more mature
manner. Psychosocial modifications of conflict and relationship patterns are
the inevitable result. Some patients on long-term lithium therapy can benefit
from ancillary psychotherapeutic treatment. Adding psychotherapy may be
necessary, on the one hand, to help a patient deal with psychosocial
conflicts caused by the familial and social changes mentioned above (cf. 2).
On the other hand, it may be desirable to employ psychotherapy to treat the
intrapsychic pathogenic structures which are partially responsible for the
underlying disease. Family or partner therapy may be indicated in cases in
which the family equilibrium has been disrupted in a lasting manner. On a
case-by-case basis it may be necessary for another family member to
receive psychotherapeutic treatment. The often long-term nature of lithium
therapy makes dealing with the threshold situations that come with
advancing age a virtual inevitability. These situations tend to develop their
own dynamics and need to be regarded as a threat to the state of
equilibrium a patient may initially have reached in his or her life.
Cooperation Between Doctors, Patients, and Relatives (M. Schou)
Effective lithium prophylaxis requires close cooperation between
doctors, patients, and patients’ relatives. It is important for patients to
adhere strictly to their medical instructions, and for doctors to pay close
attention to any psychiatric problems which may arise during long-term
lithium therapy and/or as a result of the underlying manic-depressive
disorder. The advantages of efficient long-term lithium treatment outweigh
the disadvantages. Nevertheless, difficulties may still arise, and anticipating
these difficulties is the best way to avoid non-compliance and prevent

patients from discontinuing therapy against their physicians’
recommendations. Such difficulties arise either because treatment is
effective (i.e. eliminates hypomanic phases), or because it is not sufficiently
effective. Patients may, for example, resist being “dependent” on a
particular medication or therapy. Somatic and psychiatric side-effects can
also lead to treatment difficulties. Patients’ interactions with family and
friends should also be taken into account. A loss of creativity and
productivity is often attributed to lithium therapy. A study of creativity in
artists receiving lithium prophylaxis revealed that some patients
experienced a reduction in creative abilities, others experienced no change,
and still others experienced an increase. This last group was the largest of
the three. It is important for patients on long-term lithium therapy to know
that their physicians can be easily reached if any problems should develop.
Nurses, psychologists, and social workers also represent an important
source of encouragement and support. In addition, exchanging experiences
with other lithium patients can be of great value.
Laboratory Methods for Monitoring Serum Lithium Levels (N.J. Birch)
In clinical laboratories, lithium can be determined by flame emission
spectroscopy (FES) or atom absorption spectroscopy (AAS). The latter of
these is more precise and represents the reference assay method.
However, FES is cost-efficient and the method used in most laboratories.
Lithium ion selective electrodes (Li-ISE) have recently become affordable
and allow for the rapid determination of serum lithium levels while the
patient is present. This results in better therapy compliance, as the patient
experiences the treatment process in a more immediate and visual manner.
The rapid feedback offers both the patient and the physician a number of
advantages.
Texts were translated by Matthew D. Gaskins from:
Die Lithiumtherapie – Nutzen, Risiken, Alternativen. 2nd Edition.
Müller-Oerlinghausen B, Greil W, Berghöfer
A (Eds.) Springer Berlin, Heidelberg, New York 1997
Animal models and lithium treatment
Next to the mouse, the rat is the most extensively used experimental
animal, particularly in the fields of nutrition, transplantation, immunology,
genetics, cancer, pharmacology, physiology, neuroscience and aging
research. Strains of rats in use are derived almost exclusively from the
Norway rat (Rattus norvegicus), which originated in the temperate regions
of Asia and spread into Europe and the USA in the eighteen century. An
outbred commercial colony established at the Wistar Institute in 1906 was
the major source of laboratory rat colonies all over the world (Pass and
Freeth, 1993).
Lithium treatment of rats are used in different animal models both
were the focus is on biochemical, pharmacological and toxicological effects

of lithium, and were the purpose is investigation of effects on behavior or
modification of learned behavior.
Lithium has been given to all species of experimental animals, but the
absolute majority of experiments has been with rats. The suggestions and
evidence relates to rats, as the experience with other animals is very
limited. However most of the lithium effects described with rats probably are
reproducible in other mammals.
Lithium is given as lithium salts, either as LiCl in solutions or as
Li2CO3 when given in the food. When administered as these salts the Li+ ion
is readily absorbed and distributed in the body. Further more lithium is
rapidly excreted with a half-life in rats of about 6 hours (in man the half life
is about 24 hours). The rapid absorption and short half-life of lithium has
importance for the pharmacokinetics of lithium, as it leads to rather varying
lithium concentrations in the body when lithium is given in divided doses.
When lithium is given in the food the lithium concentration is more constant
as the rats are eating over a long period of time. This pattern of
concentration changes is important to remember as some lithium effects
are seen only in periods with increasing lithium concentration, whereas
other effects are seen as long as the lithium concentration is above a
certain level.
Investigation of lithium effects in rats may be divided into acute and
more chronic treatment with lithium. In acute experiments the effect of
lithium is investigated after a single dose of lithium, often given as an
intraperitoneal injection. It is important not to inject the lithium as a strong
hypertonic solution, e.g. 1 mol/l, as this is very painful to the rats, but rather
use a concentration around 0.2 mol/l. This is particularly important to
remember when lithium is used in behavioral experiments, as the pain
induced by hypertonic lithium solution injected intraperitoneally may act
aversive, and be mistaken as a true lithium effect. Lithium may also under
light anesthesia be injected directly into the brain via the suboccipital route,
in a volume of 10-20 µl. By using these two routes of injection, it is possible
to separate acute lithium effects on brain into indirect and direct effects.
Long-term treatment with lithium is performed by systemic
administration of lithium either perorally in the food or as daily
intraperitoneal injections. Lithium in the drinking water should be avoided as
discussed below. When given for longer periods lithium has several
effects/side effects, which are important to remember. Low sodium intake
increases the toxicity of lithium by reducing the renal excretion of lithium,
and as normal rat pallets have a low sodium content extra NaCl should be
given to lithium treated rats, either in a separate bottle with e.g. 0.5 mol/l
NaCl to all the drinking water in a concentration of e.g. 10 mmol/l.
The well known polyuric effect of lithium is easily developed in rats,
and a daily water consumption of as much as 50 to 100% of the rats
bodyweight is often seen. This means that the bedding in the cages easily
becomes very wet, thus making the rats wet. To avoid this problem in an
effective way the cages must be equipped with a stainless steel grid above
the bedding in the bottom of the cages.

If lithium is given perorally it could be given in the drinking water.
However due to the polyuric/polydipsic effect of lithium one should be very
cautious about giving lithium in the drinking fluid as a vicious circle with
increasing water + lithium consumption easily occurs.
Lithium affects the digestive tract in an aversive way, which makes
the rats trying to avoid the intake of food or drinking water containing
lithium. This effect is independent of the taste of the lithium salts as use of
the tasteless lithiumstearate in the food has the same aversive effect. Rats
given lithium in the food therefore eats less and grow more slowly than
control rats or rats injected intraperitoneally with lithium. The latter may
even gain weight above the control rats; similar to the lithium induced
weight gain seen in many lithium treated patients. As mentioned previously
several biochemical effects of lithium differs, depending on whether the
lithium concentration is stabile or is increasing, whether lithium is given in
the food or via intraperitoneal injections. This lithium effect on kidney
function is much more harmful when given in the food, leading to stabile
lithium concentrations, compared with lithium given as daily intraperitoneal
injection where both high peak and also low lithium concentrations follow
during the day.
Thus as shown with the above given examples it is important, before
doing experiments with lithium, carefully to consider how to administer the
lithium, as the lithium effects obtained varies depending on the route of
administration and preparation used (Plenge, 1992)
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