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Lithium- an update on the mechanisms
of action
Part one: pharmacology and signal transduction

Pharmacodynamics and Pharmacokinetics

Lithium, mined from Spodumene, the lightest of the alkali
metals, is not protein bound in human plasma. It undergoes
almost no biotransformation and is eliminated almost entirely
via renal excretion. Because of the narrow therapeutic index,
therapeutic drug monitoring is mandatory and forms the basis
of standard clinical practice in all psychiatric units. Thera-
peutic target ranges vary, but levels of 0,5-1.5 mmol/l are gen-
erally adhered to.14,18,20,21

Drug monitoring takes the form of trough serum levels
about 12 hours after the last oral dose has been administered.
Until recently this was thought to be a reasonable method of
monitoring compliance and interpreting therapeutic effects.
These rather arbitrary values simply represent the levels at
which the probability of therapeutic response without intoler-
able side effects  are achieved.18 The logic, very basically, be-
ing something like this:- the amount of lithium in the serum
equals the amount of lithium in the central nervous system,
equals a given clinical therapeutic and toxic effect. It is now
known that such logic is flawed.

Every clinician that has ever prescribed lithium would have
first hand knowledge of the fact that for some patients the
serum levels of lithium often bare very little relevance to thera-
peutic effect. Patients seem to improve clinically at serum
plasma levels that are unique to each individual. Not surpris-
ingly patients also display a vast range of dosage tolerability
in relation to lithium-induced side effects. There is now evi-
dence to show us how and why this should be:

Lithium is effective for the management of bipolar disorder in all
its various forms i.e. acute, prophylaxis and maintenance phases.1-

9 After almost 5 decades of experience, lithium’s clinical benefits
and shortcomings should be established beyond doubt. Lithium
has been described as “well established”,10  “one of the most re-
warding therapeutic strategies”11 and that it has “sufficient evi-
dence to justify its use”.12 However, it has also been stated that
there is “little evidence that lithium is effective”.13

In spite of contradictory statements regarding usage our un-
derstanding of the mechanisms of action of lithium have increased.
Very detailed and complicated review articles have been pub-
lished.14-19 Part one of this review will focus on our new under-
standing of the pharmacological principles behind lithium’s thera-
peutic effects. Thereafter the review will examine the impact on
signal transduction, including the multitude of ionic and neu-
rotransmitter effects as well as the impact on G proteins. Lithium’s
influence on “traditional” and newly recognized second messen-
ger systems will also be reviewed. Every effort has been made to
distil the extent of the new knowledge into a form that will be
acceptable to the clinician without being simplistic. It must be
appreciated that there is still much to learn in this field and that
the future will no doubt bring new discoveries that will make
things even more complicated.
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Abstract

Lithium has been used clinically  for about 50 years. Only in the last several years however has there been a rapid growth in our
understanding of its biochemical effects. It is now clear that lithium has a complicated multitude of diverse effects in the human
nervous system. This new data is helping us understand the neurobiology of bipolar disorder. The focus of this review will be to distil
this new knowledge into a form that will be accesible to the clinician. It will be presented in two parts. Part one will deal primarily
with pharmacology and neuronal signal transduction. Part two will focus principally on neural effects and neuroanatomical sub-
strates. This review is designed to help the embattled clinician at the coalface stay abreast of the recent advances in this compli-
cated field. An exhaustive in-depth analysis of biochemical action is not the intention of this work.
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Concentrations: It is now known that different tissues in
the body reflect different lithium concentrations when at steady
state. This means that cereblospinal fluid (CSF) lithium con-
centration runs at  about a third to a half that of serum.

22
 The

reasons for this are hypothesised to be due to a differential in
the expression of the sodium-lithium counter transport mecha-
nisms that exist in the different organ systems.

18

Isotopes:  Naturally occurring lithium exists in two isotopes:
Li-6 and Li-7or 

6
Li and 

7
Li, depending on the text one reads.

18

Using Li-7 isotopes and anatomical magnetic resonance im-
aging (aMRI) it is possible to study the human brain pharma-
cokinetics of lithium. This involves the relationship between
brain lithium concentrations to daily dose and plasma steady
state levels with clinical mental state in individual patients.

14,18

Relavent findings are:
14

• A delayed lithium uptake into the CNS with the brain/se-
rum lithium concentration ratios varying widely from pa-
tient to patient with a range of 0.1-1.0.14,18

• The ratios fluctuate over the course of hours within indi-
vidual patients and these ratios only weakly correlate with
serum lithium levels.14,18

• Substantial inter-individual differences in brain lithium
concentrations at similar serum levels.14,18

• The brain to serum lithium concentration ratio is age de-
pendent.  Although the brain to serum ratios are in fact posi-
tively correlated, younger patients (mean age 13.4 yrs) have
lower ratios than that of adults.23 These authors suggest that
younger patients need higher plasma serum concentrations
than adults to maintain adequate brain concentrations.

The sodium/potassium pump (Na
+
,K

+
-ATPase): is in-

volved in the control of neuronal excitability. It is also in-
volved in the control and transport of lithium into and out of
the neuron and it may be a site of one of the therapeutic ef-
fects of lithium. Lithium has been found to decrease the activ-
ity and function of the Na

+
,K

+
-ATPase pump in the CNS and

especially in the hippocampus.
17,24

 Once again, large inter-in-
dividual variation in the activity of this pump has rendered
interpretation of these findings difficult.

17

The inadequacy of our previous understanding is demonstrated
through these findings which support in part, the clinically
observed delay in lithium’s therapeutic effects. They also pro-
vide an anatomical substrate for the differential in individual
sensitivities to the therapeutic and toxic effects of lithium.

The effects on ion systems

It is now known that both membrane transport systems (eg.
Na+,K+-ATPase pump) and ion channels (eg. voltage depen-
dant sodium channels and the sodium-calcium exchanger) play
roles in regulating the concentration of intracellular lithium.15

It seems that this effect is on the basis of the transport system
accepting the lithium as a substitute for it’s normal ionic sub-
strates (like calcium or magnesium). There is also some sug-
gestion that there may be specific membrane transport sys-
tems that specifically recognise lithium eg. gradient depen-
dant sodium lithium exchanger.15,25 There is data that suggests
that there are abnormalities in the concentrations of both so-
dium and calcium ions in the red blood cells of bipolar pa-
tients. Lithium appears to reverse these changes, possibly

through the direct influence it has on the membrane transport
systems mentioned above, especially the Na+,K+-ATPase pump.
It is unclear whether  the pathogenesis of bipolar illness in-
volves dysfunction of these membrane transport systems. There
is data to show that there is a direct impact by lithium on con-
centrations of calcium and sodium ions in the red blood cells
of bipolar patients.17 How these findings relate specifically to
human neuronal tissue remains to be elucidated.

The effects on neurotransmitter and neuropeptide

systems

The effects of lithium on various neurotransmitters have been
studied fairly extensively but results have been difficult to in-
terpret. There has been a recent shift to  studying the effects
of lithium on the second messenger systems and other intrac-
ellular events. Succinctly put:- lithium appears to alter and
restore the balance among aberrant neurotransmitter and neu-
ropeptide signalling pathways in the limbic system. The de-
tailed effects of lithium on each neurotransmitter and neuropep-
tide system is presented in Table 1.15-17

The effects of lithium on the neurotransmitter systems are
truly ubiquitous. It is also clear that there are still large gaps
in our knowledge. Most of all, interpreting the clinically mean-
ingful influences with regard to the therapeutic effects of
lithium in bipolar disorder remains an enigma.

Effects on neuronal signal transduction

Signal transduction can be defined as the process by which
the binding of neurotransmitters to receptors, located on the
extracellular aspect of the neuronal plasma membrane, pro-
duces alterations in neuronal functioning.29 There are numer-
ous methods employed by the neural network to achieve this
aim. Some examples  include, G proteins, second messenger
systems and protein phosphorylation.

Effects on G proteins

G proteins are a family of membrane proteins that are involved
in all the transmembrane signalling in the nervous system, bar
that occurring by activation of receptors that contain intrinsic
ion channels. G proteins are so named because of their ability
to bind a group of nucleotides called guanosine triphosphate
(GTP) and guanosine diphosphate(GDP).

G protein functions principally to translate extracellular recep-
tor activated signals across the cell membrane, with activativation
of various intracellular processes and effector systems.26,27

Under basal conditions, G-proteins exist in the cell mem-
brane as heterotrimers composed of a single GDP bound α
subunit with a β and γ subunit. With receptor-ligand coupling
the GDP is displaced from the α subunit and replaced with
GTP which results in uncoupling of the heterotrimeric form
into a free GTP bound α monomer and a βγ subunit. These
two separate activated subunits are now free to directly regu-
late the activity of a number of effector proteins, for example,
adenylate cyclase or phospholipase-C. The α subunit degrades
the GTP back into GDP with an enzyme called GTPase which
completes the cycle.26

About 80% of all hormones, neurotransmitters and
neuromodulators elicit cellular responses through G proteins.
Receptors coupled to G-proteins include those for the cat-
echolamines (dopamine, noradrenaline), serotonin, acetylcho-
line and various peptides like vasopressin and substance P.26
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Table 1:Effects of Lithium on the Various Neurotransmitter Systems

Presynaptic Effects

SEROTONIN

Increased Release.

NORADRENALINE

1. Increased Release.
2. However returns to baseline with chronic

use, possibly via a decrease in Alpha
2

sensitivity.

DOPAMINE

1. Increase in DA turnover.
2. Decreased DA synthesis

ACETYLCHOLINE

Unknown

GABA

1. Increased GABA levels in the striatum
& midbrain.

2. Increased turnover of GABA in the hip-
pocampus and striatum.

GLUTAMATE

1. Initial decrease in GLU reuptake.
2. Chronic Lithium causes increased GLU

reuptake.
3. This is possibly a mechanism responsi-

ble for the neuroprotective effects of Li
therapy.

NEUROPEPTIDES

1. Increased levels of dynorphin, Substance
P tachykinin, neuropeptide y neurokinin
A.

2. Increased mRNA levels of dynorphin &
tachykinin, indicating Li's role in the
regulation of peptide gene expression.

3. Increased release of opioid peptides as
above, possibly by autoreceptor inhibi-
tion.

4. CSF levels of peptides unchanged.

Inhibitory Receptor Effects

Decreased sensitivity of the 5HT1A
receptor, leading to a  nett increase in 5HT
release per impulse.

Decreased sensitivity of the  Alpha
2

receptor.

Unknown

Unknown

Unknown

Unknown

Unknown

Overall Neuro-transmission

Increased in the ascending pre-synaptic
5HT system.

Increased

Reduced

 Increased

Increased

Increased

Increased

Postsynaptic Effects

Decreased sensitivity of the  5HT1 and 5HT2
receptors.

1. Prevents BARC super-sensitivity in-
duced by neurotransmitter depletion.

2. BARC increase in CAMP is inhibited.

1. Prevents DA receptor super sensitivity
induced by neurotransmitter depletion.

2. D
1
 and D

2
 effects are unknown.

3. Overall effects are post-receptor (ie,
second messenger systems and others).

4. Li prevents HLP induced DA receptor up-
regulation.

1. Prevents receptor super-sensitivity in-
duced by neuro-transmitter depletion.

2. Effects on the M2 receptor are mixed.

Increased GABA
B
 receptors

1. NMDA mediated increased in IP3 con-
centration.

2. Decreased intracellular calcium with
NMDA receptor activation.

3. These actions may also contribute to
the neuroprotective effects of lithium.

1. Effects are unknown
2. Possible decrease in the binding sites

of encephalin.

Key: 5HT-serotonin; BARC-beta adrenergic receptor complex; CAMP-cyclic adenosine monophosphate
DA-dopamine; D-dopamine receptor; M-muscarinic cholinergic receptor; Li-lithium; HLP-haloperidol
GABA- gama amino butyric acid; GLU- glutamate; IP3 - inositol triphosphate; Li- lithium.
NMDA- n-methyl-d-aspartate; mRNA - messenger ribonucleic acid; CSF- cerebrospinal fluid.
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Various authors have reviewed the effects of lithium on the G
protein system and their findings can be summarised as fol-
lows:17,26,27

• Lithium effects the Adenylate Cyclase (AC) second mes-
senger system by effects on the activating G-protein Gs
(Stimulatory G protein type). This seems to be at a level of
attenuation of receptor-Gs coupling and of the GTP in-
creases expected in response to agonist binding.

• There is significant evidence for lithium inhibiting the Gi
(Inhibitory G protein type) by a mechanism of stabilising
the inactive undissociated conformation, ie GDP-bound αβγ
heterotrimeric form27, possibly via competitive effects with
magnesium.17,26

• Lithium seems to have tissue specific effects as a result of
selective Gi attenuation in various cell lines, eg. lympho-
cytes compared to platelets. Unfortunately there is some
conflicting evidence in the literature and it appears that some
of the above effects occur in cultured cell lines but not in
rat or monkey brain.17

• Lithium may effect the G-proteins of the Phosphoinositide
second messenger system (see later) via a lowering of the
levels of Gq and G

11
.27

• At a genetic level, lithium seems to influence the expres-
sion of G proteins. This influence is by attenuating the pro-
duction of G protein mRNA in the CNS. There is some evi-
dence that this impact is on the Gα

s
 and on the Gα

i1
 and the

Gα
i2
 subunits of the G protein family. These effects are mod-

est and the physiological significance of these effects re-
main to be elucidated.17

• The present thinking seems to be that the majority of the
lithium effects on the G protein family are mediated through
what is termed “post translational effects”. In short this
means that the way in which the G protein reacts to effec-
tor coupling and its subsequent influence on the specific
second messenger system is modified in some way. The
process seems to involve the alteration of the balance of
equilibrium in the G protein between the active α-GTP
complex subunit and the inactive βγ subunit.17,27 The evi-
dence to support this notion has been reviewed in detail by
Lennox and Hahn.17 The following is a summary from their
article:
- Lithium induced ADP ribosylation of the Gi protein sub-

unit results in the shifting of the G protein complex into
its inactive undissociated αβγ heterotrimeric form.

- This tonic inhibition of the Gi subunit increases basal
levels of CAMP.

- On the other hand however, lithium attenuates receptor-
mediated activation of Adenylate Cyclase (AC) through
a reduction in Gs subunit coupling. This results in a de-
crease in the peak levels of stimulus induced CAMP.

The net overall effect of the rather complicated lithium medi-
ated G protein effects outlined  above, on receptor mediated
signal transduction and amplification in the brain remains to
be elucidated. The role of G-proteins in the pathophysiology
of bipolar disorder also remains an area of much active re-
search. Unfortunately there are a host of complicating issues
in this field of research, some of them illustrated by Manji et
al recently.27 Attempts to explain the dichotomous effects of
lithium on CAMP will be discussed later in the text in “mak-
ing sense of the above”.
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Effects on second messenger systems

The second messenger systems that will be reviewed here
briefly in terms of their relationship with lithium include the
Phosphoinositide pathway, the Adenylate Cyclase system, the
JAK/STAT system, the MAP-Kinase system and the Arachi-
donic acid system.

The phosphoinositide (phosphatidylinositol) path-

way (PI)

Very briefly, this pathway involves a G-protein (Go, Gq, G
11

,
G

14
, Gz) linked receptor activation of phospholipase-C (PL-

C), which metabolises phosphatidyl inositol into the two sec-
ond messengers inositol triphosphate (IP

3
) and diacylglycerol

(DAG).26 The IP
3
 arm of the system then releases intracellular

calcium from internal stores which then activates calcium and/
or calmodulin dependant protein kinases. The DAG arm of
the system results in activation of protein kinase C (PK-C)
which has various critical substrates as will be outlined later.29

The effects that lithium has on the PI system are well docu-
mented.17,26,27,29 The effects on this system can thus be
summarised  as follows:
• Lithium is a potent and uncompetitive inhibitor of the in-

tracellular enzyme Inositol Monophosphatase. This enzyme
is responsible for the conversion of inositol monophosphate
into inositol. Inositol is in limited supply in the brain as it
cannot cross the blood brain barrier and thus the brain makes
use of recycled intracellular inositol. This situation leads
to the generation of the “inositol depletion hypothesis” that
was put forward in the late 1980’s as the mode of action of
lithium as a mood stabilising agent.28 The hypothesis pos-
ited that only the most active neurones in the central ner-
vous system would be affected by lithium as they would be
the cells most rapidly depleted of available inositol. This
would alter their function to the extent of achieving clini-
cal therapeutic benefits in a relatively selective manner. The
“inositol depletion hypothesis” has been called into ques-
tion.26 However, as highlighted recently there may be an-
other mechanism to explain the relative selectivity of lithium
to more active neural tissue.17 This hypothesis stems from
the findings that there is a dramatic increase in the intracel-
lular concentration of lithium in neuronal dendritic spines
occurring via ligand-gated ion channels following a train
of action potentials. It is postulated that via this method the
more active neural tissue would thus accumulate more in-
tracellular lithium, and hence account for its relative thera-
peutic specificity.

• Reviews of more recent work have shown that lithium ef-
fects are occurring down stream in the PI system, in par-
ticular on the DAG arm of the system, on proteins such as
Protein Kinase C (PK-C) and it’s substrates, a couple of
them of critical importance are MARCKS and AP-1.15,17

MARCKS is myristoylated alanine-rich C kinase and is
found in hippocampal cells. The effects shown by chronic
lithium treatment on MARCKS is dependant on both inosi-
tol levels and G-protein influences on the PI system.15,17

Only chronic lithium treatment has been shown to dramati-
cally reduce the expression of MARCKS. This reduction
persists for some time after the withdrawal of lithium, par-
alleling our clinical observations of the therapeutic effects
of lithium. Further details about the effects on MARCKS
and AP-1 will be discussed later in the text.

• It is now also known that the reduction in inositol precedes
the clinical therapeutic outcome observed with lithium treat-
ment. This temporal dissociation is thought to be in keep-
ing with the true therapeutic effects of lithium. These are
occurring further down stream in the PI pathway, as out-
lined above, and hence again partly account for the delay
seen in the therapeutic benefits of lithium. It seems that the
truly therapeutically relevant physiological effects of
lithium on the PI system falls beyond a simple reduction in
inositol levels.15,17

Adenylate cyclase (AC) system

Very briefly, this pathway involves a G-protein (Gs, Gi) linked
receptor activation of adenylate cyclase (AC) which catalyses
the synthesis of cyclic adenosine monophosphate (CAMP).
CAMP then activates protein kinases and other substrate pro-
teins.26,29

The effects of lithium on the AC system  have also been
studied and recently reviewed.15,16,17 Some of these effects have
already been discussed above in the review of the effects of
lithium on the G-protein family.

Other significant effects not discussed above include the
following:
• Lithium inhibits activation of the AC system. Firstly, this

seems to be achieved via inhibitory effects on the activat-
ing GTP/GDP cycling in the G-protein complex that oc-
curs with agonist binding as outlined previously and also
possibly by lithium’s antagonistic effects on Mg++. Secondly,
by reducing the expression of PK-C lithium influences the
AC system via the “receptor cross talk” effects that occur
between the two systems.17,26

• The majority of lithium side effects on the thyroid gland
and the kidney, namely hypothyroidism and nephrogenic
diabetes insipidus, have been postulated to arise from the
effects lithium has on thyroid stimulating hormone sensi-
tive AC and antidiuretic hormone (vasopressin) sensitive
AC respectively.15,30

• The role of the AC second messenger system in the patho-
genesis of bipolar disorder, and the lithium induced changes
in the treatment thereof remains unclear.

Making sense of the above

Only one author to date has attempted to integrate the above-
mentioned effects of lithium on the G protein family and the
PI and AC second messenger systems into a coherent whole.
Jope has introduced a hypothesis called the “bimodal model”
for the effects exerted by lithium.31 Unlike the unidirectional
“inositol depletion hypothesis” the “bimodal model” attempts
to explain the documented bi-directional effects of lithium on
the second messenger systems as outlined in the text above.

According to this model the contradictory effects of lithium
on the levels of CAMP ie. elevation of basal CAMP levels
and a decrease in the stimulus induced increase thereof can be
conceptualised as being complementary. Specifically if one con-
siders it to represent an attenuation and stabilisation in the
overall fluctuation of CAMP levels rather than representing
one action having a greater consequence than the other. As
CAMP modulates transcription factors that regulate gene ex-
pression this stabilisation of CAMP levels should hypotheti-
cally at least stabilise the regulated genes in the affected
neurones, thus contributing to the therapeutic efficacy of
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chronic lithium treatment.31

The influence of the bimodal model on the PI system will
be dealt with later in the text when we look at AP-1. Overall
the bimodal model certainly has its strengths in helping one
understand and conceptualise the very complicated influence
lithium has on the neuron. Unfortunately some authors have
viewed the model as “overly simplistic”.17

Other second messenger systems

Other second messenger systems of potential importance to
psychiatry  that have come  to light in the last decade or so,
are the Janus Kinase/Signal Transducer and Activator of Tran-
scription ( JAK/STAT) system, the MAP-Kinase system and
the Arachidonic Acid systems.
• The JAK/STAT32,33 system is involved in the signal trans-

duction of the cytokines. It controls the cytokine depen-
dent gene expression and cellular survival and develop-
ment. This system is critical for host defences.  The
cytokines are generally divided into two families accord-
ing to the receptor type to which they bind. The Type-1
family include amongst others the interleukins eg. IL-21
and Thymic Stromal Lymphopoietin. The Type 2 family
include the interferon’s, limitin and other interleukins eg.
IL-10. The cytokines are capable of both positive and nega-
tive regulation of transynaptic signalling.32 It is also now
known that growth factors can also activate the JAK/STAT
cascade.33 Little data exists on the specific role of the JAK/
STAT systems in the CNS. What little there is has been
reviewed recently.33 From this review one realises the fol-
lowing.
- It appears that glial cells of various types use the JAK/

STAT system for a variety of functions, including glial
cell survival, the selective promotion of cellular differ-
entiation along glial cell lines rather than neuronal ones,
implying a role in the control of brain development.

- There is also data to support the role of the JAK/STAT
system in the control of the inflammatory process in the
brain. The function of the molecule nitric oxide (NO)
produced by the glial cells in the brain has also been
shown to be influenced by the JAK/STAT system. NO  is
documented to play a role in inflammatory and neuro-
toxic states, including disease states such as multiple
sclerosis, Alzheimer’s and Parkinson’s diseases. Other
disease states thought to be associated with the JAK/
STAT systems include human brain tumours and stroke.

- Finally, in developing and in mature brains, the control
of neuronal proliferation, differentiation and survival is
thought to be under the control of the JAK/ STAT sys-
tem.33

The role of the JAK/STAT system in bipolar disorder remains
to be elucidated. However it’s role in depressive disorders has
been briefly examined.34 Later on in the text the role of lithium
in neural plasticity is discussed. Many of the effects may be
facilitated by the JAK/STAT system.

• The MAP-Kinase system (MAP - mitogen activated protein)
is involved in the neurotrophic factor regulated signal trans-
duction pathway and the neurotrophic factor dependant gene
expression.35 The neurotrophins that activate this system
include trophic factors such as nerve growth factor (NGF),
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brain derived neurotrophic factor (BDNF) and the
neurotrophin family eg, NT-3 and NT-4. These neurotrophic
factors activate

    a receptor complex known as Trk. Various types exist, eg.
Trk-A and Trk-B. Activation of these receptors results in a
cascade that culminates in the phosphorylation of various
substrated proteins, amongst them a protein called MAP.
Importantly it has been shown that there is cross talk be-
tween the neurotrophic factor activated messenger systems
(MAP-Kinase) and those activated by the classical neu-
rotransmitter systems. The nett effects of this remain to be
elucidated. Overall the MAP-Kinase system is thought to
be involved in neuronal development, differentiation and
survival and plays a role in neuronal signalling processes
as well.35

The role of the MAP-Kinase system in bipolar disorder is un-
clear. The role of  this system  in depressive disorders and in
the function of antidepressant medications has been reviewed
recently.34 There is a little data on the effects of lithium on the
MAP-Kinase system.19 It seems that lithium may modulate
gene expression in the CNS via interaction with a transcrip-
tion system initiated by activator protein-1 complex (Ap-1).
It seems that the impact lithium has on Ap-1, may in part, be
driven by its influence on the MAP-Kinase system. There is
however data to show the role of this system in the neurotrophic
and neuroprotective actions of the mood stabiliser valproate
in bipolar disorder.36

• The Arachidonic Acid system has recently emerged as yet
another second messenger system that seems to have a role
in psychiatry.37 Arachidonic acid is a polyunsaturated fatty
acid and forms part of a second messenger system that is
involved in a whole host of neuronal processes. These in-
clude the modulation of ion channels, neurotransmitter up-
take and trans-synaptic neurotransmission.35 Crucially it
is also involved in cell growth, apoptosis38 and the inflam-
matory process in the central nervous system in general.39

The arachidonic acid system is responsible for the pro-
duction of the Eicosanoids, which include the prostaglan-
dins, thromboxanes, the leukotrienes and the dihydroxy-
eicosatrienoates. Activation of the arachidonic acid path-
way can be precipitated by a whole host of stimuli, in-
cluding inflammatory, immunological, neural, chemical or
mechanical factors. Prostaglandins have profound effects
on the inflammatory process and the leukotrienes are im-
portant components of the anaphylactic process.39

Rapoport and Bosetti have provided us with data on the
role of lithium in the arachidonic acid system, including
the following:37

- Lithium reduces the turnover of arachidonic acid in the
rat brain by 75% with long-term treatment in a highly
specific manner, without much effect on other polyun-
saturated fatty acids.

- This reduction is associated with reduced arachidonoyl-
coenzyme A, reduced messenger RNA, and reductions
in protein and cytosolic phopholipase A

2
 type IV.

- Lithium has also been shown to decrease the protein level
and activity of the enzyme cyclooxygenase 2 (COX-2), as
well as the concentration of prostaglandin E

2
, which is a

metabolite of arachidonic acid metabolism by COX-2.

In this paper the authors point out that there are other lines of evi-
dence that support the role of lithium as an inhibitor of the arachi-
donic acid pathway and why this pathway is disturbed in bipolar
disorder.37 In particular they cite the following:

- neuro-protective effects that lithium has on cerebral infarc-
tion and inflammation in animal models.

- The beneficial effects of n-3 poly unsaturated fatty acids have
in the treatment of mania.

- The role of the prostaglandins D
2
 and E

2
 in the sleep wake

circadian rhythm disturbances seen in bipolar illness.

These authors also point out that the anticonvulsant drugs so-
dium valproate and topiramate also perform a number of simi-
lar functions to lithium, namely decrease arachidonic acid lev-
els and are neuro-protective respectively.37

These second messenger systems are the focus of enormous re-
search activity.32 To date there is little specific data examining these
systems in psychiatric diseases. There is also little data on the spe-
cific effects of psychiatric medications on these systems. However
as these systems are indeed involved in gene transcription, sur-
vival and differentiation of cell types including neural tissue and
control of inflammatory responses, there is little doubt that in due
course these systems will be securely linked to psychiatric illness
of one type or another.

By way of example, Duman et al recently gave us insights into
the role the JAK/STAT and MAP-Kinase systems play and how
they fit into the “grand scheme” of our understanding of the patho-
physiology of depression and addiction.34 What is clear from their
article and others like it, is the intimate role neuronal atrophy and
cell death play in the pathophysiology of mental illness and the
protective effects antidepressants and lithium play.19,34  It seems to
be simply a matter of time before lithium and other drugs are ex-
amined in these systems and their effects and impact on mental
disorders such as bipolar illness more clearly understood.

This new data opens up an entire new field of research on the
mechanisms of action of lithium and other mood stabilising com-
pounds in bipolar disorder. It also offers us the theoretical frame-
work for new candidate drugs like the COX-2 inhibitors as poten-
tial anti-manic agents.37 No doubt this will also result in a signifi-
cant shift in our understanding of the pathophysiological mecha-
nisms underlying the mood disorder disease process itself. One
conclusion that can already be hinted at is the emerging role of the
inflammatory process in psychiatric disorders.

Conclusion

In part one of this review we have seen the facts behind the clini-
cally observed individual tolerance and clinical response to lithium.
We can now also understand the complicating role of the marked
inter-individual variations in the activity of the sodium/potassium
pump and other membrane transport systems. We can now recognise
the ubiquitous influence lithium has on the various neurotransmit-
ter systems and the many unknown variables that still plague our
understanding. The diverse effects that lithium has on the various
subtypes of G-protein and second messenger systems can now be
understood to be cardinal to its influence on neuronal signal trans-
duction and thus probably to the therapeutic benefits. New roles
for lithium in emerging and diverse second messenger systems has
opened up an entirely new field of research and has profound im-
plications in the neurobiology of bipolar disorder, implicating the
inflammatory response, neuronal atrophy and death. Again there
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are a multitude of unknown variables that undermine our under-
standing. There is also an expanding body of evidence that sup-
ports the neuroprotective role of lithium in the human brain, more
of which will be presented in part two of this review. It may be that
a fundamental shift in our understanding of the pathophysiology
of bipolar illness and the therapeutic mechanism of action of lithium
is warranted. As more evidence comes to light in the future, this
will surely prove to be the case.
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in elucidating the putative neuroprotective action of lithium and its
possible clinical relevance.5,6,7 Considering recent evidence that mood
disorders are associated with neuronal atrophy and loss of glial cells8,
the action of lithium on cellular resilience may have particular rel-
evance. This not only has implications for mood disorders, but has
also opened the way for the possible use of lithium in
neurodegenerative disorders such as acquired immune deficiency
syndrome (AIDS)-related dementia9, Alzheimer’s disease10 and
Huntington’s disease .11

Another neuromodulator that has realized a great deal of atten-
tion over the past decade, and which lithium also modulates, is the
nitric oxide (NO)-cyclic-GMP pathway.12,13  NO mediates cross-talk
between various neurotransmitter systems, and also plays a regula-
tory role in neuron survival and possibly in determining the out-
come of psychotropic treatment.14

The review by Segal is an ideal primer for those clinicians seek-
ing a deeper understanding of how lithium may exert its therapeutic
effects. Although our knowledge of lithium’s varied actions is im-
pressive, it would appear that this small earth metal is to remain an
enigma far into the new millennium, challenging our thinking but, at
the same time, expanding our horizons.
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Lithium salts are alumni of “the class of the 1950’s”, a period of
unprecedented excitement and discovery in psychotropic drug de-
velopment. However, drugs such as chlorpromazine and imipramine,
as well as lithium salts, were for the most part fortuitous discoveries,
and not a product of innovative drug design. Recent years has seen a
concerted effort to understand the neurobiology of affective illness,
as well as psychotropic drug action, with the introduction of new
generation neuroleptics and antidepressants. Lithium, however, re-
mains a law unto itself.

Lithium salts remain a drug of choice in the treatment of bipolar
disorder. Their unique ability to “stabilize” mood, as opposed to the
mood-selective actions of the neuroleptics and antidepressants, has
intrigued researchers and clinicians alike. Further, its simple mo-
lecular structure suggests that it has pharmacokinetic and pharma-
codynamic differences that in some way set it apart from more com-
plex laboratory synthesized compounds. Then, as eloquently laid
out by Dr Segal in his review, the ephemeral pharmacodynamic na-
ture of lithium can become a life-long obsession as researchers strive
to fully understand its mechanism of action. It is these attributes that
have hinted that lithium may provide a means to understanding the
complex pathobiology of affective illness and, indeed, how mood is
regulated at the molecular level.

Because of this, much of the discovery pertaining to the mecha-
nism of action of lithium has always been regarded as an important
contribution. In the seventies, the action of lithium on the adenylate
cyclase-cAMP system was instrumental in linking drug action to
sub-cellular effector mechanisms and today the cAMP cascade, and
its activation of down-stream effector molecules, such as protein
kinase A and cAMP responsive element binding protein (CREB), is
recognized as a critical link in understanding psychotropic drug ac-
tion.1 Later, during the eighties with the unraveling of the
phosphoinositide pathway, and the actions of lithium thereon, great
expectation was placed on the “inositol depletion hypothesis” to
explain the dual action of lithium as a mood stabilizer. This hypoth-
esis has since enjoyed new emphasis in recent years with the dem-
onstration of the pharmacological and behavioral actions of myo-
inositol, as well as the efficacy of high-dose myo-inositol in anxiety
disorders.2 However, as has been described in Dr Segal’s review, the
mode of action of lithium seems far more complex than our hypoth-
eses. Certainly we now know that selectivity for an extra-cellular
receptor does not imply selectivity in the sub-cellular domain. Thus,
receptors and their sub-cellular signal transduction mechanisms com-
municate with one another on an on-going and dynamic basis, con-
stantly striving to maintain optimum  neuronal function and homeo-
stasis .3 By implication, this suggests that actions on the putative
neurobiological targets described in Segal’s review may or may not
be inter-linked into a response that is dependent on a single neuro-
biological target. Whether this is so and the identity of such a target,
however, remains illusive.

One of the more significant discoveries in the late 1990’s was the
seminal discovery of lithium’s inhibitory action of glycogen syn-
thase kinase (GSK) 3b and its effect on cellular and neuronal devel-
opment.4 GSK-3b has a pivotal role in cell survival and this observa-
tion paved the way for the pioneering work by Manji and colleagues
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