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Abstract Lithium is the most effective and well estab-
lished treatment for bipolar disorder, and it has a broad
array of effects within cellular pathways. However, the
specific processes through which therapeutic effects occur
and are maintained in bipolar disorder remain unclear. This
paper provides a timely update to an authoritative review of
pertinent findings that was published in CNS Drugs in
2013. A literature search was conducted using the Scopus
database, and was limited by year (from 2012). There has
been a resurgence of interest in lithium therapy mecha-
nisms, perhaps driven by technical advancements in recent
years that permit the examination of cellular mechanisms
underpinning the effects of lithium—along with the reup-
take of lithium in clinical practice. Recent research has
further cemented glycogen synthase kinase 3 (GSK3p)
inhibition as a key mechanism, and the inter-associations
between GSK3B-mediated neuroprotective, anti-oxidative
and neurotransmission mechanisms have been further elu-
cidated. In addition to highly illustrative cellular research,
studies examining higher-order biological systems, such as
circadian rhythms, as well as employing innovative animal
and human models, have increased our understanding of
how lithium-induced changes at the cellular level possibly
translate to changes at behavioural and clinical levels.
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Neural circuitry research is yet to identify clear mecha-
nisms of change in bipolar disorder in response to treat-
ment with lithium, but important structural findings have
demonstrated links to the modulation of cellular mecha-
nisms, and peripheral marker and pharmacogenetic studies
are showing promising findings that will likely inform the
exploration for predictors of lithium treatment response.
With a deeper understanding of lithium’s therapeutic
mechanisms—from the cellular to clinical levels of
investigation—comes the opportunity to develop predictive
models of lithium treatment response and identify novel
drug targets, and recent findings have provided important
leads towards these goals.

Key Points

Understanding the mechanisms and disentangling the
key processes that underpin therapeutic response to
lithium in patients with bipolar disorder has proven
to be a significant research challenge.

Recent research has further elucidated lithium’s
direct and indirect effects on neuroprotective, anti-
oxidative and neurotransmission mechanisms, and
glycogen synthase kinase 33 (GSK3p) inhibition is
clearly fundamental to its therapeutic mechanisms.

Uncovering the therapeutic mechanisms of lithium,
and in particular the manner in which cellular
modulations translate to neural and clinical
outcomes, will afford opportunities to identify novel
treatment targets and develop more effective and
selective medications for patients with bipolar
disorder.
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1 Introduction

Bipolar disorder is a common, lifelong mood disorder that
poses a considerable burden upon the individual affected
and society as a whole. The diagnosis of bipolar disorder
gives salience to polarity even though it is recurrence that
best defines the illness, and the occurrence of mania that
distinguishes it from recurrent depressive disorders.

Lithium is the best and most well established treatment
for bipolar disorder. It is particularly effective in main-
taining mood stability and preventing mood episodes, and
when deemed appropriate is prescribed for life. It is
thought to exert its therapeutic, mood stabilising effects by
acting on cellular targets and by modulating function
within neural pathways (as reviewed previously in Malhi
et al. [1]) but its effects are evident at all levels of brain
function spanning from clinical phenomenology through
functional and structural neural changes to neurochemical
and molecular processes (see Fig. 1). However, the specific
processes through which its therapeutic effects are effected
and maintained remain unclear.

In recent years, bipolar disorder has been increasingly
conceptualised as an illness that is the result of a step-wise
progressive neural deterioration that occurs through a
number of cellular pathways. With each episode of illness

Clinical Presentation

Mood Dysregulation and
Neurocognitive Dysfunction

Cellular and
Neurotransmission
Mechanisms

Fig. 1 The potential therapeutic effects of lithium can be examined
at multiple levels of brain function, from cellular and intracellular
changes within neurons and supporting glial cells to neural networks
and neurocognition that ultimately results in a spectrum of clinical
presentations. In order to understand how neuroprogression at the
cellular level results in changes in clinical signs and symptoms, the
many intermediate changes at the neurotransmission, neurocircuitry
and mood dysregulation and neurocognitive dysfunction levels need
to be considered. Based on Malhi and colleagues [1]
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there is a biological insult that further enhances the like-
lihood of recurrence. This concept of ‘neuroprogression’ is
informative, but it is essentially speculative and remains
contentious in the context of bipolar disorder [2—4].
Extrapolating this hypothesis further, it is conceivable that
the therapeutic mechanisms of lithium produce ‘neuro-
protective’ effects, achieved both directly and indirectly
(e.g. [5]). However, elucidating the precise pathophysiol-
ogy of bipolar disorder and meaningfully dissecting the
therapeutic mechanisms of lithium continue to be difficult
tasks, for a number of reasons. First, the illness by its very
nature is complex because of the many processes involved,
which makes the application of diagnostic criteria and
segregation of the disorder from its many comorbidities
exceedingly difficult—all of which is often further com-
pounded by the use of multiple treatments in clinical
practice—added successively as the illness evolves over
time (see Fig. 2). Second, translation between levels of
understanding—cell to clinical presentation—and between
cellular, animal and human models is conceptually and
practically difficult, especially when aiming to ascertain
clinically meaningful findings. The difficulties are imme-
diately evident when attempting to observe and compare
mechanisms at each of these levels of brain function even
in pure illness states—namely, mania and depression—and
periods of relative mood stability (euthymia). Hence, a
more mechanistic as opposed to diagnosis-based approach
is needed, perhaps along the lines of the research approach
recommended by the NIMH Research Domain Criteria
(RDoc) project [6]. Equally, this approach may usefully
apply within treatment nomenclature, with treatments
being defined by their mechanism rather than on the basis
of the ill-defined conditions they are employed to treat [7].

Beguilingly, lithium is a simple element that has very
specific molecular properties, but because of its ubiquity
and multiple actions, it produces a diverse range of both
positive and negative clinical effects, both short- and long-
term, across many different conditions. Due to its diverse
effects, research examining the mechanisms of lithium at
one specific time point may contradict findings at a sepa-
rate time point.

Approximately one-third of patients with bipolar I dis-
order using current criteria can expect to remain clinically
well for many years (often decades) on lithium
monotherapy. This profound prophylactic effect allows
patients to maintain function and good psychological
health for long periods of their lives. Referred to as ‘ex-
cellent lithium responders’, treating psychiatrists attempt to
identify such patients early in the course of illness, and
ideally from the outset. Patients who manifest a ‘classic’
pattern of recurrent episodic manic—depressive illness
separated by periods of remission, with no comorbid psy-
chiatric disturbances, and have immediate family members



Therapeutic Mechanisms of Lithium in Bipolar Disorder

933

A Pathophysiology

— — = Confidence of Estimation

B Overlapping Mechanisms =

= Pre-illness

= Lithium administration

Mechanisms not modified

B.1 by Lithium

1.1

Change Potential Indicators

Premorbid
functioning

Stable

Gradual decline, then
clinically variable

Clinical status and
health

Cumulative iliness
burden

Stable, then steady
decline

Fig. 2 A framework for understanding and disentangling the poten-
tial therapeutic actions of lithium from the pathophysiology that
determines the course and pattern of illness in bipolar disorder. The
schematic represents the theoretical pathophysiology of bipolar
disorder as modified by lithium therapy, so as to provide a conceptual
template upon which targeted investigations can be conducted.
Through experimental manipulation of lithium administration in
patients that have been robustly phenotyped and by identifying key
mechanisms at each level of understanding (as previously depicted in
Fig. 1), within the context of longitudinal research studies—within-
subject elucidation of the mechanisms underpinning therapeutic
responses to lithium in bipolar disorder may be possible. a Patho-
physiology. The pathophysiology of bipolar disorder is presumably in
train by the time the illness manifests clinically (transition from
purple to white). The precise timing of this with respect to specific
pathophysiological mechanisms is unknown but is likely to be at the
very latest concurrent. However, the processes that determine a
pathophysiological pathway and early maladaptive changes in neural
networks are likely to precede full blown clinical presentation.
Notably, subsequent to illness onset, any one mechanism is inevitably
subject to multiple influences (such as from comorbidities), many of
which are likely to compound the pathophysiology of the illness
further. Hence, inevitably, the confidence with which the precise
nature of the pathophysiology of the illness can be gauged diminishes
as it takes hold and progresses. With lithium administration (red),
pathophysiological mechanisms change further and characterization
of these becomes even more complicated, thus further diminishing the
confidence with which the specificity of the changes can be reliably
inferred. b Overlapping mechanisms. In order to disentangle the
pathophysiological changes that occur in bipolar disorder with lithium

who are also ‘excellent’ lithium responders are likely to
benefit from lithium therapy and remain well [8]. It
therefore follows that in more narrowly defined or ‘classic’
bipolar disorder illness subtypes, a much higher proportion

Mechanisms modified
by Lithium B.2

21
2.2
2.3

Change Potential Indicators
Improvement Lithium response 2.1
Decline Lithium side-effects 2.2
ISR EIEE lliness stabilization 2.3

variability

treatment, it is necessary to identify component mechanisms accord-
ing to putative aetiology. These individual mechanisms can be
conceptualised as closely bound strands that are intrinsically inter-
related but perhaps still separable—with observation over time. But at
the same time, differentiating changes in individual component
mechanisms over time may enable interrogation of specific therapeu-
tic actions of lithium from those not affected by lithium. However,
complicating matters further, the pathophysiology of bipolar disorder
is likely not static and evolves as the illness unfolds and treatments
are administered. b.1 Mechanisms not modified by lithium. Broadly
speaking, some component mechanisms are largely unaltered by
lithium administration. These maintain a relatively stable course and
collectively represent premorbid functioning (/.7), clinical status and
health (/.2) and gradual cumulative illness burden (/.3). The time
course of change in these components is relatively slow (years and
decades). b.2 Mechanisms modified by lithium. In response to
lithium, specific component mechanisms undergo change: improve-
ment, impairment or change in stability. The component mechanisms
that improve with lithium response are likely to be a composite of
direct effects of the element and those because of overall clinical
improvement (2.7). These are likely to occur across overlapping but
distinguishable periods. By contrast, changes in otherwise stable com-
ponents are likely to reflect the impact of adverse effects (2.2) and
deterioration in illness. Speculatively, the variability of some
component mechanisms may change because of changes in factors
that govern mood stability, representing a core therapeutic action of
lithium (2.3). The likelihood that many of the changes in component
mechanisms are intricately interrelated makes attempts to separate
them a tremendous challenge. Adapted with permission from Malhi
and colleagues [112]

of patients are likely to be lithium responsive, and as such
the mechanisms underpinning the effects of lithium are
likely to differ when compared with other bipolar disorder
and mood disorder subtypes. This is a major problem in
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lithium research when attempting to classify patients in
accordance with the extant classification systems, which in
modern times do not adequately capture the ‘classic’
(manic—depressive) subtype [9—12]. However, a continued
research focus on the therapeutic mechanisms of lithium
will likely facilitate the development of much needed
clinically and therapeutically meaningful classification
systems, as well as increase investigation of potential dif-
ferences in pathophysiology between lithium responsive
and non-lithium responsive bipolar illness subtypes [13].

Both the tasks of identifying lithium responders and
determining therapeutic response are difficult, with no
objective biological measures available to assist. Lithium
management requires careful monitoring and ongoing
adjustment, and clinicians employ trial-and-error and wait-
and-see approaches, determining satisfactory therapeutic
response retrospectively on the basis of a lack of break-
through episodes over time. However, given that herita-
ble factors and modification of therapeutic factors appear to
play a role in treatment response, research examining both
intra- and inter-individual predictive factors may provide
beneficial leads towards developing prognostic models
concerning lithium therapy. Identifying the pathways
through which lithium produces therapeutic effects, from
the cell to behaviour, is paramount to understanding
lithium therapy and attenuating the difficulty with which it
is administered and managed.

The BALANCE (Lithium plus valproate combination
therapy versus monotherapy for relapse prevention in
bipolar I disorder) study in 2010 [14] and some recent
naturalistic studies (e.g. [15]), in conjunction with strong
recommendations for use in clinical practice guidelines,
has led to a resurgence of interest in lithium both in clinical
practice and research. Technical advancements and coa-
lescence of basic science strands has meant that research
into the cellular mechanisms of lithium response has
flourished in recent years (see Fig. 3), prompting this
update of our previous CNS Drugs review [1]. The current
review focuses on findings concerning the role of brain-
derived neurotropic factor (BDNF), glycogen synthase
kinase 3 (GSK3p) inhibition and oxidative metabolism as
putative targets of lithium mechanisms. In addition, new
findings in relation to neurotransmission and cellular signal
transduction pathways have been integrated along with
research on lithium and circadian rhythms, animal and
human models of therapeutic response to lithium and
pharmacogenetic findings. With many of these findings, the
manner in which heritable factors play a role in therapeutic
mechanisms is increasingly coming to light, even though
how changes to cellular signal transduction translate to
alterations in clinical presentation, particularly in the long-
term, remain unknown. Hence, this article aims to provide
an updated review of the effects of lithium therapy on
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Fig. 3 The rate at which articles exploring lithium’s mechanism of
action have been published in recent years has increased. The line
shows the cumulative number of papers identified by the literature
search conducted for this review, by year of publication (without
limitation on year of publication)

neuroprogression across key levels of brain functioning
ranging from cellular signal transduction mechanisms to
clinical phenomenology (see Fig. 1). Consequently, the
article constructs an overarching and updated picture of
lithium’s therapeutic mechanisms, and highlights those
aspects which may offer accessible leads for the develop-
ment of predictive models of therapeutic responses to
lithium.

1.1 Method

In order to provide an update, a comprehensive literature
search of peer-reviewed publications, written in English
and limited by the dates 2012-2016, was conducted using
Scopus.' The search syntax used to identify relevant arti-
cles was ‘(TITLE (lithium)) AND (TITLE-ABS-KEY
(‘neurotransmission’” OR ‘dopamine’ OR ‘glutamate’ OR
‘gamma-aminobutyric acid’ OR ‘NMDA’ OR ‘G-protein’
OR ‘second messenger systems’ OR ‘adenylyl cyclase” OR
‘phosphoinositide’ OR ‘inositol” OR ‘protein kinase C’ OR
‘myristoylated alanine-rich C kinase substrate’ OR ‘intra-
cellular calcium’ OR ‘brain derived neurotrophic factor’
OR ‘apoptosis’ OR ‘oxidative stress’ OR ‘mitochondria’
OR ‘bcl-2° OR ‘glycogen synthase kinase 3° OR ‘au-
tophagy’ OR ‘gene’)) AND (LIMIT-TO (PUBYEAR,
2016) OR LIMIT-TO (PUBYEAR, 2015) OR LIMIT-TO
(PUBYEAR, 2014) OR LIMIT-TO (PUBYEAR, 2013) OR
LIMIT-TO (PUBYEAR, 2012))’. Relevant findings were

! Literature search was conducted on March 7, 2016.
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then identified and synthesised in combination with earlier
and extant literature (from Malhi et al. [1]).

2 Cellular Mechanisms

Characterising the specific cellular mechanisms that are
modulated by lithium is critical to understanding and
developing models of clinical response, as well as for
advancing future drug discovery. However, linking the cel-
lular mechanisms that underpin putative illness processes
and lithium’s therapeutic mechanisms across various cellu-
lar, animal and human models, and then relating these back
to functions in humans remains a necessarily difficult task
(as depicted in Fig. 2). Hence, it is important to consider the
many new findings regarding second messenger systems and
neuroprotective pathways that have provided much needed
evidence and appear to be strengthening existing knowledge.
In order to coalesce these recent findings with earlier find-
ings, we have synthesised and updated depictions of the
various cellular mechanisms in Fig. 4a—c. A major patho-
physiological concept is that of excitotoxicity—the process
through which over-excitation of cells results in deleterious
by-products causing dysfunction within the cell—which
results in significant disruption to the extent that it eventu-
ally destroys the cell through processes of programmed cell
death, such as apoptosis [3]. Over-excitation of cells may
occur by a number of means including through increased
excitatory neurotransmission, decreased inhibitory neuro-
transmission, or both; which is thought to be a major aspect
of psychiatric disorder pathophysiology. Lithium is thought
to reduce excitotoxicity through diverse direct and indirect
pathways.

2.1 Neuroprotective Pathways Mediated by Direct
Inhibition of Glycogen Synthase Kinase 3
(GSK3p)

Lithium has a suite of effects on a number of neuropro-
tective pathways through its direct inhibition of GSK3p
(see Fig. 4a). GSK3 is involved in gene transcription and
thus has many effects on neuroprotective cellular mecha-
nisms. Recent studies show that GSK3f inhibition modifies
neural systems (e.g. [16]) and is critical to clinical
responses to lithium [17-20]. However, a recent study [21]
investigating the actions of two selective GSK3f inhibitors
in rats revealed that GSK3f inhibition alone does not
produce lithium-like behavioural and cellular effects, but
instead produces normalisation of cellular and behavioural
effects of excitotoxicity. Additionally, GSK3f inhibition
alone did not increase BDNF levels, whereas lithium
administration did [21]. This suggests that more than

GSK3p inhibition alone likely mediates therapeutic
responses to lithium and that at least this one action results
in neuroprotective effects. Recent studies have examined
the manner in which GSK3f inhibition is modulated by
lithium treatment. These studies show that lithium clinical
response is predicted by GSK3p gene expression [17] and
phosphorylation [18, 19]. In a recent study of platelets
collected from bipolar disorder patients, lithium increased
phosphorylated GSK3p (GSK3f proteins that have been
‘turned off’, perhaps through Akt activation) and this
increase was found to correlate with clinical improvement
of depression symptoms [19]. A study with gene knockout
mice has shown that phosphorylation of GSK3f by lithium
occurs via the activation of a Ca®" permeable cation
channel-mediated pathway (see Fig. 4a) and behavioural
results suggest this action may underpin lithium’s anti-
manic effects [18]. In the suprachiasmatic nucleus of mice,
GSK3p inhibition with lithium restores circadian rhythm
gene expression (see Fig. 4a; [22]). But lithium’s actions
on GSK3p are modulatory and to achieve GSK3p inhibi-
tion, a recent study on rat hippocampal slices has shown
that lithium also has bimodal indirect actions: one of
inhibition of RAC-alpha serine/threonine-protein kinase
(Akt) phosphorylation and the other via B-catenin [23],
perhaps through cyclic adenosine monophosphate (cAMP)
response element binding (CREB) effectors (see Fig. 4a).
Further, through wider multi-protein complexes, lithium
increases Akt activity, which then phosphorylates GSK3[
to inhibit its activity. This action of lithium has been shown
in the mouse striatum, through modulation of dopaminergic
cell function [24]. Similarly, in order to illustrate neuro-
protective effects along this Akt-GSK3f pathway, a recent
cell culture study demonstrated that lithium attenuated
dephosphorylation of the Akt-GSK3p-mammalian target of
rapamycin (mTOR) pathway after methamphetamine insult
[25].

2.1.1 Brain-Derived Neurotropic Factor (BDNF)

BDNF is an essential protein that governs therapeutic
changes to neural structures. In a recent cell culture study,
neurons exposed to chronic but not acute lithium treatment
had increased BDNF; providing a possible explanation for
the 6- to 10-day delay in therapeutic response observed
clinically [26]. Independently, glial cell line-derived neu-
rotrophic factor (GDNF) increases with lithium in astrocyte
cultures. Therefore, the neuroprotective effects of lithium
are perhaps not limited to neurons and extend to astrocytes
[26]. However, in a study of patients with bipolar disorder,
GDNF levels were negatively correlated with lithium
levels in euthymia, contrary to BDNF levels which were
positively correlated [27]. Interestingly, this did not hold
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«Fig. 4 The effects of lithium on cellular mechanisms and neurotrans-
mission. The inhibitory actions of lithium are depicted by red lines and
its facilitatory actions are depicted by green arrows; and for illustrative
purposes, the links between these mechanisms and higher-order
modulatory biological systems (circadian rhythm and HPA axis) are
depicted in orange boxes. a GSK3p target and its downstream actions.
Lithium is a direct inhibitor of GSK3f, which is potentially one of its
primary actions, and which mediates a number of neuroprotective
actions. GSK3p inhibition occurs with phosphorylation of GSKf
through a Ca®*channel-mediated pathway, and also with inhibition of
Akt phosphorylation. Following this, a cascade of DNA expression
then produces neuroprotective proteins though neurotrophic (BDNF,
GDNF) and growth factor pathways (Bcl-2, IGF) and cellular structural
changes including remyelination though B-catenin and astrocyte
protection, along with anti-oxidative molecules (glutathione), thus
preventing lipid perioxidisation, and inhibition of pro-inflammatory
factors (including IL-6) and direct (mPTP) and indirect (AY1R-p53,
NRF2) anti-apoptotic actions, some of which occur through improved
mitochondrial function. GSK3p phosphorylation modulates expression
of clock genes, providing a link to the circadian rhythm system. Note,
GSK3p inhibition alone does not produce the full therapeutic effect,
other direct and indirect targets are involved. b The phosphoinositide
cycle. Lithium inhibits the phosphoinositide cycle by upregulating
ImPase 1, which ameliorates mitochondrial dysfunction and also
mediates GSK3p inhibition through a DAG-PKC-MARCKS pathway.
b.i The PI cycle is activated following stimulation of the cell surface
receptor by a neurotransmitter. PLC mediates the hydrolysis of PIP, to
the secondary messengers DAG and IP;. These then activate down-
stream signalling pathways. ImPase and IPPase facilitate recycling of
IP5 back into ml, which then allows the PI cycle to continue. Lithium
inhibits cellular mI by (1) blocking the reuptake of inositol via
inhibition of the SMIT and (2) via direct inhibition of IPPase and
ImPase. Overall, this results in the inhibition of transmembrane
signalling, improved mitochondrial function and prevention of apop-
tosis. b.ii In particular, apoptosis is reduced by decreased intracellular
Ca”" release from the mitochondria by reduced IP5. The mTOR protein
is activated by lithium and is a negative regulator of autophagy and
therefore inhibits this process. Lithium-induced depletion of IP; also
induces autophagy; however, its inhibitory effects through the mTOR
protein are more potent. Changes to PKC mediates expression in the
adrenal glands, thus providing a link to the HPA axis. ¢ The AC/cAMP

during mania, in which GDNF and lithium levels were
positively correlated. This suggests that lithium perhaps
has differential effects on neurotropic factors depending on
the degree of excitotoxicity reflected by mood. A recent
finding that lithium normalises acute amphetamine-induced
mania in rats, but does so without altering BDNF levels
[28], partially supports this suggestion. In a model of
hippocampal degeneration, lithium increased BDNF and
protected cells as well as ameliorated depressive beha-
vioural deficits [29]. Similarly, lithium improved BDNF
levels in a model of cognitive deficit in rats [30]. This
shows that lithium acts to prevent cellular degeneration that
may underpin dysfunction in mood disorder, through
upregulation of BDNF. This may be explained in part by
protection against acute excitotoxic insult, whereby
increased synthesis and mRNA expression of BDNF
abolishes the potential toxic effects of any future insult
[31]. Conversely, antidepressants have been shown to exert
neuroprotective effects by increasing BDNF levels in

system. Lithium modulates this system in several ways: initially, basal
levels of AC and cAMP are increased. Consequently, when a cell is
stimulated, large fluctuations of AC and cAMP that would normally
occur are minimised, therefore stabilizing the system. The CREB
transcription factor is an important downstream target of the AC system
and is activated by lithium though inhibition of cAMP and facilitation
of CREB co-activators, which then facilitates expression of neuropro-
tective and anti-oxidative molecules. d Neurotransmission. Lithium
modulates pre-synaptic and post-synaptic neurotransmission. Lithium
inhibits glutamate neurotransmission and decreases phosphorylation of
subunits of NMDA receptors. In terms of dopaminergic neurotrans-
mission, lithium prevents dysregulated dopamine release and thus
decreases metabolism resulting in reactive oxygen species (ROS).
Decreased G-protein coupled dopamine stimulation manifests GSK3f3
inhibition through B-arrestin 2. Excitation due to G-protein-coupled
reception is regulated by lithium, through regulation of G-protein-gated
potassium channels. Along with inhibited excitatory neurotransmission,
lithium’s effects on inhibitory GABAergic transmission are apparent
but not as potent. Lithium’s modulation of Acet and Gly neurotrans-
mission are also potential therapeutic mechanisms. AC adenyl cyclase,
Acet acetylcholine, Akt phos. protein kinase B phosphorylation, Astro.
astrocytes, ATIR angiotensin II type 1 receptor, Bcl-2 B-cell lymphoma
2, BDNF brain-derived neurotrophic factor, Ca&®* Chan calcium ion
channel, cAMP cyclic adenosine monophosphate, Clock Circadian
clock genes and circadian rhythm modulation, CREB cAMP response
element binding, DA dopamine, DAG diaglycerol, DNA deoxyribonu-
cleic acid, GDNF glial cell line-derived neurotrophic factor, GSK3B
glycogen synthase kinase-3p, Glu glutamine, Gly glycine, HPA
hypothalamic—pituitary—adrenal axis, /GF insulin growth factor, IL-6
interleukin 6, ImPase inositol monophosphate 1-phosphatase, Ins
inositol, /P inositol phosphate, /PPase inositol phosphate 1-phos-
phatase, IP2 inositol bisphosphate, IP3 inositol triphosphate, K* Chan
potassium ion channel, Li* lithium ion, Lipid periox. lipid perioxidi-
sation, MARCKS myristoylated alanine-rich ¢ kinase substrate, ml
myoinositol, mPTP mitochondrial permeability transition pore, mTOR
mammalian target of rapamycin, NRF2 nuclear factor E2-related factor
2, p53 tumour protein p53, PI phosphoinositide, PIP2 phosphoinositol
4-5-biphosphate, PKC protein kinase C, PLC phospholipase C,
Proinflam. proinflammation, ROS reactive oxygen species, SMIT
sodium myo-inositol transporter

patients, and lithium augments this process [32]. The
complexity of lithium response and its effects on BDNF is
perhaps explained in part by variants on the BDNF gene’s
promoter IV region, which promotes the expression of
BDNF [33]. Clearly, this modulatory role needs to be better
understood given that in hippocampal neurons, this action
protects against excitatory glutamate toxicity [34].

2.1.2 Oxidative Metabolism

Recent work has shown that lithium reverses and repairs
oxidative stress exacted by excitotoxicity in rats [35]. The
excitotoxic effects of excessive dopamine transmission are
a consequence of dopamine metabolism, which produces
reactive oxygen species. In a recent study, lithium reversed
and prevented oxidative stress by increasing the antioxi-
dant glutathione in the striatum and the prefrontal cortex
[36]. Specifically, lithium reverses dysfunction in DNA
methylation—a process which typically represses gene
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transcription—caused by oxidative stress by-products [37].
A recent study with excellent lithium responders and
family members suggests that increases in glutathione may
be involved in this process [38], perhaps via the regulation
of glutathione perioxidase precursor gene expression [39].

New findings using cell lines show that chronic lithium
treatment reduces the expression of stress proteins,
explaining its long-term neuroprotective effects [40]. Addi-
tionally, inhibition of GSK3f with lithium reduces proin-
flammatory molecules that result from acute neurotoxin
exposure [41]. Further, lithium attenuates immune responses
to stress by regulating interleukin 6 and methane metabolism
pathways [42]. Lithium inhibits oxidative stress in healthy
controls, suggesting that lithium has specific anti-oxidative
effects regardless of condition [43]. In cell lines, a recent
study has shown that lithium increased cell viability under
oxidative stress conditions and that, when combined with
haloperidol, lithium did not have this protective effect [44].
In the haloperidol-only arm of the study, cells were also not
protected. This suggests that anti-oxidative actions are
specific to lithium and may not necessarily occur when used
in combination with antipsychotics.

Replicating earlier findings [45], a study in bipolar dis-
order patients showed that lithium decreases lipid peroxi-
dation levels, and that this effect is associated with clinical
response [46]. Decreases in lipid peroxidation attenuate
disruption to protein function, and in a recent study in rats,
lithium prevented disruption to the vesicular monoamine
transporter 2 protein (VMAT?2) in frontal cortex neurons,
which is critical to forming vesicles for neurotransmission
[47]—a finding that has implications for understanding
behavioural changes with lithium treatment.

A recent study has demonstrated that lithium also ame-
liorates mitochondrial dysfunction in patients with bipolar
disorder, thus reversing the effects of oxidative stress [48].
Novel findings show that nuclear factor E2-related factor 2
(NRF2) mediates the expression of genes involved in
oxidative cytoprotection [49]. A recent study has elucidated
a novel lithium neuroprotective mechanism whereby NRF2
is activated and microRNA-34a (miR-34a) is suppressed,
which in turn protects against apoptosis [50].

Similarly, recent findings have shown that activation of
the brain angiotension II type 1 receptor (ATIR), which
leads to oxidative and inflammatory activity, is likely
involved in deleterious effects of mania [51]. Promisingly,
the ATIR antagonist candesartan has lithium-like neuro-
protective effects, raising the possibility of new mood-
stabilising agents targeting this receptor [51].

2.1.3 Apoptosis

Apoptosis is the process of cell death caused by signal
transduction. Recent findings demonstrate that lithium
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prevents apoptosis in the hippocampus, through neuropro-
tective and anti-inflammatory pathways [52]. It does so by
modulating GSK3f, which regulates the mitochondrial
permeability transition pore (mPTP), which can trigger cell
death [53] and tumour protein p53 (p53), which acts to
signal apoptosis following DNA damage [54], such as that
brought about by oxidative stress.

B-cell lymphoma 2 (Bcl-2) is another key regulator of
apoptosis. In addition to increasing Bcl-2 in neurons,
chronic lithium administration increases Bcl-2 in astro-
cytes, which are also critical to neuronal survival [55].
Bcl-2 gene (BCL2LI) expression appears to differentiate
lithium responders from non-responders [56], and there-
fore lithium response may be defined by survival of
neurons and their supporting cell structures. Interestingly,
valproate also has anti-apoptotic properties, suggesting
that mood stabilisation may occur with decreases in
apoptosis [57]. When cells are exposed to toxic insult,
lithium preserves mitochondrial function and prevents the
accumulation of reactive oxygen species, and thereby
stalls cell apoptosis [58].

2.1.4 Other Protective Factors

As identified previously [1], the effect of lithium on other
neurotrophic factors has been studied to a lesser extent, but
some recent studies have investigated this potential
mechanism. For example, insulin-like growth factor (IGF)
appears to play a role in overall lithium responsiveness,
with cell lines from lithium non-responders showing
increased lithium sensitivity when IGF is added [59].
Furthermore, IGF-1 is over-expressed in lithium responders
relative to non-responders [60], and it is known to be a cell
survival factor that prevents apoptosis.

2.1.5 Cell Structure and Glia

In recent years, there has been an increase in research
interest in lithium’s effects on neuronal structures and glia,
which serve to maintain brain tissue integrity [61]. A recent
study in mice treated with lithium demonstrated increased
numbers of neurons and glial cells and increased astrocyte
density in the hippocampus, compared with control mice
[62]. However, it is uncertain whether this would translate
to effects in humans. Additionally, the fact that research
employing different cell imaging methods has shown null
results for the generation of neurons is problematic [63].
The neuroprotective effect of lithium on astrocytes
specifically is likely to be an independent effect, with
recent findings showing GDNF increasing with lithium in
astrocyte cultures [26]. Separately, myelination is an
important aspect of neuroprotection and neuroplasticity,
and lithium works to stimulate remyelination through -
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catenin and CREB effectors, and thus can act on reparation
of demyelinated pathways [64]. In addition to myelination
stimulation, lithium reduces axon length; increases axonal
spreading; and increases neural growth, size, and branching
through a B-catenin pathway [65]; as well as actin
remodelling of dendrites [66]. Recent findings suggest that
the inhibition of GSK3p by lithium plays a significant role
in reparation of axon and myelin integrity in white matter
tracts in those with bipolar disorder [16], and that lithium
also increases expression of proteins involved in
dopaminergic and glutamatergic pathways [67]. Interest-
ingly, lithium also reduces neuroinflammation by inhibiting
microglial pro-inflammatory cytokines [68], and thus reg-
ulates microglia interactions with neurons [69].

2.2 Second Messenger Systems

Although the cascade effects of GSK3f inhibition are
extensive, GSK3[ inhibition alone does not account for the
therapeutic effects of lithium; there are, in addition, a
number of important second messenger systems involved
(see Fig. 4b, c).

2.2.1 The Phosphoinositide Cycle, Protein Kinase C
(PKC) and Myristoylated Alanine-Rich C Kinase
Substrate (MARCKS) and Intracellular Ca*t

2.2.1.1 The Phosphoinositide Cycle Inositol depletion
produces mitochondrial dysfunction and is thought to be
involved, at least in part, in the pathophysiology of bipolar
disorder. Lithium is thought to inhibit inositol monophos-
phatase 1 (ImPase 1; see Fig. 4b), which in turn amelio-
rates inositol depletion-related mitochondrial dysfunction
by reregulating the phosphoinositide cycle and reducing
inositol triphosphate (IP3) levels. This is important as IP5
has previously been shown to be a direct effector of
autophagy [70]. Examining the potential mechanisms
underpinning therapeutic effects using an animal model,
upregulation of ImPase 1 [71] in addition to lithium
treatment after inositol depletion [72] results in gene
expression and behavioural changes, suggesting a potential
role of the phosphoinositide cycle in the therapeutic effects
of lithium administration [71]. In a recent study of gene
knockout mice, the links between inositol metabolism and
the effects of lithium on behavioural assays were demon-
strated [73]. Translating to humans, in a recent magnetic
resonance spectroscopy study on bipolar disorder patients,
remitters had increased myo-inositol levels after lithium
treatment in comparison with non-remitters [74]. Follow-
ing these leads, ImPase is being examined as a potential
therapeutic drug target [75], and recent research examining
the ImPase inhibitor ebselen is further elucidating the role
of this target in therapeutic responses [76, 77]. The

SESTDI gene, which is involved in the regulation of
phospholipids—including components within the phos-
phoinositide cycle—has been found to be associated with
lithium response in a clinical study [78]. Although the
inositol depletion hypothesis of bipolar disorder patho-
physiology still needs to overcome a number of conceptual
challenges (e.g. inositol dietary availability), more speci-
fied accounts of the roles of ImPase and IP; are providing
important, clinically relevant insights.

2.2.1.2 PKC and MARCKS Protein kinase C (PKC)
inhibition underpins reparative neuronal plasticity after
dopaminergic hyperexcitation and is thought to be one of
lithium’s essential mechanisms. New findings show that
lithium acts to inhibit PKC through an intricate myristoy-
lated alanine-rich C kinase substrate (MARCKS) pathway,
initiated by its inhibition of GSK3p ([79]; see Fig. 4b.i).
Hence, PKC is being investigated as a potential therapeutic
drug target [80]. Interestingly, because of PKC inhibition,
lithium has also been considered to be a regulator of
expression of corticotrophins in the adrenal glands [81].
However, previous studies in patients with affective dis-
orders stabilised on lithium have shown limited effect on
attenuation of intermittent hypothalamic-pituitary-adrenal
(HPA) axis dysregulation, using the dexamethasone sup-
pression test paradigm [82]. Hence, future prospective
studies should investigate the role of lithium in attenuating
chronic HPA axis dysregulation.

2.2.1.3 Intracellular Ca®* Intracellular Ca®* homeosta-
sis is central to the maintenance of cellular functioning
during excitation (e.g. dopaminergic signalling). In bipolar
disorder, Ca®* homeostasis is impaired and results in
apoptosis. Recent findings show that lithium downregulates
the transient receptor potential channel 3 (TRPC3), thus
modulating Ca?* disturbances ([83] see Fig. 4b.ii). Recent
research is linking the temporal dynamics of Ca*™ with
lithium’s effects on circadian rhythm [84]. Although
lithium restores calcium signalling, it is of note that vari-
ants of the L-type calcium channel (LTCC) genes modulate
lithium’s amplification of circadian rhythm, potentially
explaining variability in the therapy’s effect on circadian
rhythm [84].

2.2.2 The Adenyl Cyclase (AC) and Cyclic Adenosine
Monophosphate (cAMP) System

Adenyl cyclase (AC) and cyclic adenosine monophosphate
(cAMP) are activated with excitatory neurotransmission,
but in bipolar disorder the sensitivity of the system is
reduced because of hyperexcitation. A recent study [85]
has shown that lithium enhances cAMP-induced CREB-
dependent gene transcription (see Fig. 4c). Additionally,
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lithium but not aripiprazole decreases phosphorylation of
CREB in the prefrontal cortex in rats, potentially coun-
teracting neural plasticity deficits due to stress [86].
Specifically, lithium supports CREB co-activators, which
enhances cAMP-induced CREB-dependent gene tran-
scription (see Fig. 4c). Finally, recent findings in cell lines
from patients, and both affected and unaffected relatives
show that abnormalities in phosphorylated CREB sig-
nalling may be related to bipolar disorder and lithium
responsiveness, suggesting a role for heritable factors [87].

3 Neurotransmission

Lithium is known to modulate neurotransmission, pre-sy-
naptically and post-synaptically (see Fig. 4d). Dopamine,
glutamate and GABA were highlighted previously. New
findings are further examining the manner in which lithium
achieves this, as well as indicating possible effects lithium
has on cholinergic and glycinergic function. Along with
studies that tease apart mechanisms that change with
lithium administration, it is also important to find mecha-
nisms that do not change in order to determine specificity.
For example, a recent study has demonstrated that func-
tions within presynaptic vesicles, at least in hippocampal
neurons, are not directly affected by acute or chronic
lithium treatment [88]. However, the involvement of
presynaptic effects in the mechanisms of lithium cannot be
ruled out entirely given that synapsins, which regulate
vesicles and make them available for neurotransmitter
release, are implicated in lithium response [89]. Therefore,
in sum, the manner in which lithium-induced neurotrans-
mission changes lead to specific clinical effects remains
unknown (as depicted in Fig. 2).

3.1 Glutamate and NMDA Receptors

Glutamate is an excitatory neurotransmitter. In patched rat
hippocampal neurons, recent research has shown that
lithium acts preferentially on presynaptic glutamate ter-
minals (see Fig. 4d), to inhibit excitatory postsynaptic
currents [90]. In cell lines, lithium increases the active
regulatory elements such as the enhancers and promoters of
genes involved in glutamate neurotransmission [91].
Translating these findings to bipolar disorder patients,
lithium decreases glutamate levels depending on lithium
plasma concentration [92]. Post-synaptically, lithium
decreases phosphorylation of subunits of NMDA receptors
in the prefrontal cortex and ventral striatum ([86]; see
Fig. 4d) and decreases NMDA-induced cytoskeletal dete-
rioration [66]. This is important because it has been pre-
viously found that the effects of lithium on NMDA
receptor activation also have indirect long-term
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consequences for enhancing serotonergic and reducing
dopaminergic neurotransmission, which in turn inactivates
the NMDA receptor [93]. Interestingly, in a study of
bipolar disorder patients on lithium, glutamate decar-
boxylase-like protein (GADLI) gene variants predicted
good response [94]; however, these findings have not been
replicated by other groups [78, 95] and some have sug-
gested that this gene is involved more so in kidney function
(which is important for maintaining lithium therapeutic
levels) than neuroprotective or therapeutic effects per se
[96].

3.2 Dopamine and G-Protein Coupled Receptors

Lithium prevents excessive dopamine release in the pre-
frontal cortex in mice, underpinning its behavioural effects
[97]. However, a recent study with mice treated with a
dopamine transporter inhibitor demonstrated attenuation, but
not complete reversal, of manic-like behaviour with lithium
[98]. In terms of anhedonic behaviour, however, lithium
reverses impaired dopaminergic activity underpinning this
behaviour in rats [99]. These findings suggest regulation of
dopaminergic function is an important therapeutic mecha-
nism of lithium (see Fig. 4d), and further recent research has
demonstrated the manner in which lithium achieves this.
Another pathway through which lithium can inhibit GSK3f
and produce antimanic and antidepressant behavioural
changes is the dopamine 2 receptor (D2) and its associated
G-protein signalling pathway through B-arrestin 2 ([100];
see Fig. 4c). Furthermore, a recent study has reported that
the glucagon-like peptide-1 receptor (GLP1R), which is a
G-protein coupled receptor, is involved in lithium-mediated
regulation of dopamine release [101]. This is important
because excitation due to G-protein coupled stimulation is
regulated by lithium, through regulation of G protein-gated
potassium channels ([102]; see Fig. 4d).

3.3 GABA and GABA Receptors

GABA is an inhibitory neurotransmitter. In the Wakita
et al. [90] study, lithium’s effects on GABAergic trans-
mission were apparent but not as potent as its effects on
inhibition of excitatory glutamate neurotransmission (see
Fig. 4d). This suggests that lithium’s net inhibition of
neural excitation perhaps occurs more so via regulation of
excitatory glutamatergic neurotransmission as opposed to
inhibitory GABAergic neurotransmission.

3.4 Acetylcholine and Glycine
In addition to further addressing dopaminergic, gluta-

matergic, and GABAergic systems, recent findings indicate
that lithium has other potentially therapeutic effects on
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acetylcholine and glycine neurotransmission. For example,
a recent study showed that, in addition to attenuation of
manic-like behaviour in mice through dopaminergic path-
ways, lithium also attenuates depression-like behaviour
through cholinergic pathways [98]. In terms of glycine
neurotransmission, it is interesting that glycine transporters
on the neural cell surface are expressed differentially with
lithium administration, through a mechanism of GSK3f
inhibition [103].

4 Higher-Order Modulatory Biological Systems

In recent years, there has been an increase in findings
linking lithium’s basic cellular changes with consequen-
tial changes to higher-order biological systems involved
in the pathophysiology of bipolar disorder, such as cir-
cadian rhythms and the HPA axis. However, the speci-
ficity of these treatment-related modulations to bipolar
disorder illness pathophysiology itself, as opposed to
other mood disorder subtypes, is still unknown (as
depicted in Fig. 1).

4.1 Circadian Rhythm

Recent studies investigating the link between lithium
administration and amelioration of circadian rhythm dis-
turbances have found that lithium enhances the resyn-
chronisation of rhythms [104] through the modulation of
clock gene expression [105]. In fact, recent studies have
shown that circadian components are essential for typical
lithium response. In knockout mice, circadian components
were important in mediating lithium’s effects on mood
behaviours [106]. Additionally, chronic lithium modulates
expression of certain clock genes [107], and gene variants
are associated with lithium response [108]. Lithium stim-
ulates transcription of clock genes through stimulation of
expression promoters [109] and, notably, GSK3p phos-
phorylation (see Fig. 4a) in the suprachiasmatic nucleus
[22].

4.2 Hypothalamic-Pituitary—Adrenal (HPA) Axis

Recent findings show lithium’s cellular effects may have
consequences for activation of the HPA axis. Specifically,
lithium’s effect on PKC regulates the expression of corti-
cotrophins in the human adrenal glands ([81]; see Fig. 4b),
and lithium mediates stress reactivity via ankyrin 3 (Ank3)
regulation of corticosterone. This is important as corti-
costeroids are thought to play an important role in the
pathogenesis of bipolar disorder [110].

5 Neurocircuitry and Neurocognition

Bipolar disorder is associated with dysfunctional neural
mechanisms that underpin and drive neurocognitive pro-
cesses [111], and it is in this context the effects of lithium
on cellular and neurotransmission mechanisms need to be
considered (see Fig. 5). A recent review examined promi-
nent models and outlined the key neural networks and
neuropsychological processes putatively involved in mood
disorders [111]. As such, a major consideration in this type
of research is the involvement of illness burden factors,
such as medical and psychiatric comorbidities. Given the
limited data thus far (as reviewed elsewhere [111, 112]),
longitudinal studies on bipolar disorder and illness burden
factors are required in order to better delineate the effects
of lithium on neurocircuitry and neurocognition. One par-
ticular aspect that is of particular importance is the nor-
malisation of the cognitive and emotional neural networks
implicated in bipolar disorder by the effects of lithium
[1, 113]. Investigating lithium’s effects on functional net-
works is necessarily difficult and therefore advancement of
our understanding is slow and remains limited as the
question continues to be understudied. Nevertheless, it is
an important field and predicting treatment response using
fMRI along with other clinical and biological parameters is
likely to be of use prognostically [113]. This is partly
supported by promising findings from recent structural
imaging studies that continue to show the normalising
effects of lithium treatment on grey matter abnormalities in
bipolar disorder [114-116], and the possibility of identi-
fying structural imaging-based response markers [117].
Furthermore, these effects of lithium are likely to be
specific and appear to be unique to the element. For
example, a recent study showed that lithium administration
in rats specifically increases cortical grey matter, in con-
trast to the effects of the antipsychotic haloperidol which
decreases it [118]. Intriguingly and importantly, when
treatment was withdrawn, haloperidol-induced reductions
were normalised, while the lithium-induced increases were
maintained. This suggests that the effects of lithium are
longer term, pointing to its neuroprotective actions; how-
ever, this needs to be robustly verified and also tested in
different clinical populations in order to determine the
specificity of lithium’s therapeutic effects but also the
specificity for bipolar disorder illness. Neurocircuitry
studies are also now linking cellular neuroprotective
mechanisms to macro-level changes in the brain. Specifi-
cally, through aforementioned GSK3fB-mediated neu-
rotrophic pathways, lithium plays a major role in repairing
white matter tracts [16] and preserving grey matter [119] in
patients with bipolar disorder. Each of these effects may
contribute to amelioration of the functional integrity of
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Fig. 5 Translating understanding from cellular and neurotransmis-
sion levels to neurocircuitry and neurocognition. Through lithium’s
actions on cellular and neurotransmission mechanisms (blue circle),
amelioration of neurocircuitry (yellow circle) and neurocognitive
dysfunction underpinning mood dysregulation (red circle) and
clinical presentation arises (purple circle). In particular, the structure
and function of neurocircuitry and regions involved in cognition and
emotion will change with lithium therapy, consistent with improved
clinical presentation. Lithium’s neuroprotective and anti-apoptotic
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actions and modulation of neurotransmission improves the structural
and functional integrity of frontal, limbic and striatal regions. With
the use of novel human cellular models (black circle; e.g. drawing
inferences from iPSC [induced pluripotent stem-cell]), researchers
may be able to investigate therapeutic responses to lithium through
each level of understanding—from cell to clinical presentation—
simultaneously, and over time. DA dopamine, Glu glutamine, Lit
lithium ion
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neural networks [5, 120, 121]. Additionally, recent work
has shown decreases in myo-inositol in the hippocampus
[122] and anterior cingulate cortex [74] of patients under-
going lithium treatment, suggesting that lithium has puta-
tive neuroprotective effects in key cognitive and emotional
regions. Further, recent structural MRI studies of hip-
pocampal volumes have shown protective effects of
lithium in bipolar disorder patients [5, 121], building on
earlier population studies of reduced dementia risk in
psychiatric patients treated with lithium [123, 124].
Taken together, these recent advances have mapped
important links between key cellular mechanisms and neu-
rocircuitry and neurocognition; however, further research
that identifies the functional and clinical implications of these
is needed—using, for example, functional imaging studies on
patients that have been robustly phenotyped. In order to
continue to disentangle the mechanisms that underpin ther-
apeutic responses to lithium from the pathophysiology of
bipolar disorder, research will need to also examine inter-
mediary aspects such as neurotransmission together with the
aforementioned higher order systemic mechanisms.

6 Summarising Lithium’s Effects
on Neuroprotection and Neurotransmission

In sum, there have been many new research findings that
have contributed to a greater understanding of the potential
therapeutic mechanisms of lithium treatment. Lithium’s
action of GSK3p inhibition and its suite of consequences
are being mapped with ever-increasing detail, and findings
regarding its neuroprotective effects seem to be particularly
promising for the development of therapeutic response
markers in bipolar disorder. However, disentangling the
effects of lithium from those of the underlying illness
remains challenging (as depicted in Fig. 2), and this limits
our ability to translate findings across levels of under-
standing (as depicted in Fig. 1). At the same time, a
stronger appreciation of these mechanisms affords the
opportunity to determine predictive models of lithium
treatment response and identify novel drug targets, and
recent findings have certainly provided important new
leads towards achieving this goal.

7 Towards Predictive Models of Treatment
Response

In parallel to the new research on neuroprotection, neuro-
transmission, and neurocircuitry mechanisms underpinning
the effects of lithium, there has been a surge of studies

developing and testing animal and human models. These
models have essentially shown that behaviours and mental
state changes associated with bipolar disorder can be reversed
with lithium administration, possibly through the modulation
of cellular mechanisms.

7.1 Animal Models

A mixed-state model in mice based on circadian rhythm
knock out has been developed, and may be useful in
exploring lithium non-response [106]. Already in animal
models of lithium responders, heterozygous GSK3B gene
knock-out mice have been shown to have differential
behavioural and molecular responses to chronic lithium
administration [125].

Some of the more specific behavioural models of mania
in animals are derived from the effects of amphetamine. In
these, lithium reverses manic-like locomotor activity,
through partial reversal of neurodegenerative [28, 80] and
anti-oxidative [35, 36] activity, largely in the prefrontal
cortex. Additionally, manic-like reward stimulation is
attenuated by lithium through changes to CREB and glu-
tamatergic activation [86].

Similarly, a neurotoxic trimethyltin model of depression
has been recently developed through degeneration of hip-
pocampal neurons; this may also serve as a model of
progressive neurodegeneration [29]. In this model, in rats,
lithium protects hippocampal neurons from degeneration
through up-regulation of BDNF and down-regulation of
tumour necrosis factor, and decreases depression-related
locomotor immobility in the forced swim and tail suspen-
sion tests [29]. In addition, animal models of chronic
stress-induced anhedonia show restoration of dopaminergic
reward pathways with lithium administration [99]. Related
to this, in a genetically prone model of depression in rats,
lithium has restorative effects on hippocampal DNA
expression processes [126].

Bipolar disorder is associated with a range of neu-
rocognitive deficits, some of which may be protected from
further deterioration, worsened, or reversed with lithium
treatment. A recent review suggests that lithium potentially
acts on psychomotor and processing speed, and verbal
learning, memory, and fluency, though the specific effects
of the illness are difficult to disentangle [112]. Working
along these lines, researchers have recently created an
animal model of induced cognitive deficit [30]. In this
model, lithium normalises learning and memory impair-
ment, attenuates oxidative stress, and up-regulates BDNF
levels [30]. These findings now need to be replicated in
bipolar disorder patients.
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7.2 Human Models
7.2.1 Cellular Models

Given that the cellular pathways involved in the actions of
lithium are being increasingly characterised, activation of
these pathways is now being studied in humans in vivo. In
a study of cell lines from bipolar disorder patients, acti-
vation of pathways are apparent from the first dose [127],
and abnormalities in phosphorylated CREB signalling may
be related to lithium response [87]. Additionally, recent
work has shown that levels of phosphorylated GSK3f in
platelets was associated with clinical improvement in
depression symptoms [19]. Interestingly, recent work has
shown that offspring of excellent lithium responders
undergoing lithium treatment have greater BDNF levels
and lower IL-6 levels than offspring of partial or non-re-
sponders [128]. Such findings offer promising leads for
detecting and predicting lithium responses from an early
stage in treatment.

The emergence of induced pluripotent stem-cell (iIPSC)
technology is also providing novel and exciting avenues for
biological human models of bipolar disorder [129] and
lithium therapy [130]. Specifically, Mertens and colleagues
[130] induced hippocampal-like neuron cell lines from
stem cells collected from patients with bipolar disorder.
These cells were hyperexcitable relative to healthy con-
trols, putatively providing a working biological model of
bipolar disorder. Astonishingly, when the cells were treated
with lithium, only those derived from lithium responders
showed a reversal of hyperexcitability. Future investigation
along these lines may afford opportunities to further
examine the mechanisms that underlie clinical lithium
treatment responses as well as the discovery of novel drug
targets and methods to predict response. Essentially, these
techniques could be applied prospectively in different
patient groups, including excellent lithium responders, and
across different mood disorder subtypes, while treatments
are co-administered clinically. This will enable researchers
to examine therapeutic response to lithium through each
level of understanding, simultaneously, and over time (as
depicted in Fig. 5). These developments are likely to
enable the necessary investigations for further under-
standing and disentangling of the potential therapeutic
effects of lithium from those caused by the illness course.

In terms of novel treatments arising from human model
research, some researchers are suggesting that stem cells
themselves may have therapeutic application in this area
[61]. Another emerging line of human model research is
that of lithium mimetics; for example, with ebselen [131],
which may allow researchers to disentangle the therapeutic
mechanisms of lithium and to explore targets with greater
specificity.
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7.2.2 Pharmacogenetic Models

Since the demonstration that excellent lithium response
may be inherited [132], researchers have been examining
pharmacogenetic models of lithium response. More
recently, it has been shown that lithium responsiveness in
parents may be a heritable trait related to the develop-
mental trajectory of certain mental disorders in their off-
spring [133]. Aside from this, and now extrapolating from
the aforementioned cellular research, it is becoming evi-
dent that gene variability of many of the targets along the
neuroprotective pathways is implicated in lithium thera-
peutic outcomes. These include variants of the GSK3ff gene
[16, 17, 20] and GSK3pB-modulating genes [18], BDNF
[33] and Bcl-2 [56] genes, but also the serotonin trans-
porter-linked polymorphic region (5-HTTLPR) in bipolar
depression [134] and prophylaxis [135]. Such findings
provide important leads for gene—brain—behaviour models,
and form the necessary foundation for constructing links
from cellular changes to neurocircuitry functioning and
ultimately clinical manifestations. In this vein, recent
studies have shown that GSK3B gene variants are associ-
ated with lithium-induced changes to white matter tracts
[16] and grey matter volumes [136]. In order to capture
many of the interactive cellular and systemic changes that
occur with lithium, a recent study has examined lithium
response explained by candidate gene variants across
GSK3p, phosphoinositol, HPA axis, and glutamatergic
pathways [137]. The study in bipolar disorder found that
genetic variants related to GSK3f (GSK3B), phospho-
inositol (INPPI; IMPA2), and glutamatergic (GRIK2)
pathways were associated with lithium response, while the
candidate HPA axis-related genes were not associated with
responsivity (not FKBP5, CRHR2 nor CRHRI). However,
these have not been well replicated [78, 95]. In a large
genome-wide association study, lithium response was
associated with two long non-coding RNA genes, which
are thought to be important regulators of gene expression in
the central nervous system [95]. Together with clinical
parameters and understanding of functional neurocircuitry,
pharmacogenetic analysis can provide important leads
towards more complete models of bipolar disorder and its
treatment with lithium, through characterisation of illness
and treatment processes at each level of investigation.

8 Future Directions

Here we have reviewed recent literature pertaining to the
potential therapeutic mechanisms of lithium treatment on
cellular mechanisms, neurotransmission, and the higher-
order modulatory systems, which has provided new
insights and has further refined understanding. Further
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research should focus on examining the consequences of
change within cellular mechanisms on neurotransmission,
in order to ascertain the manner in which pre-synaptic and
post-synaptic neurotransmission is modified through sec-
ond messenger and neuroprotective pathways. A surge in
animal and human model research, along with the devel-
opment of human iPSC models (e.g. [130]), is allowing the
development of predictive models of cellular modification
with putative links to behavioural modification. For
example, this kind of research has promise for providing
links to illness subtypes and responsiveness, the effects of
lithium withdrawal on different affective disorder clinical
subtypes, and therapeutic effects in other presentations
such as psychosis within which lithium exhibits some
benefit. In order to understand the intermediary processes
involved in these therapeutic changes, research efforts need
to be directed towards understanding functional neurocir-
cuitry and neurocognition (see Fig. 5). These aspects have
been relatively understudied, even though structural studies
have shown promising findings. Thus, it is important to
examine the impact of structural changes on function.

With an increase in clinical applicability of more
sophisticated models and the opportunity to map them lon-
gitudinally, researchers will ideally be able to identify cor-
relates of clinical markers, including neuroimaging, and
peripheral and genetic markers. Future studies should aim to
track modifications over time through each level of under-
standing, from first dose, titration and initial response, to
longer-term treatment outcomes, looking for predictors of
response that indicate changes supporting therapeutic pro-
cesses at each time point—especially now that there are
promising avenues to begin doing so with iPSC. Insights
from such research will enable deeper understanding and
afford opportunities to better intervene. In addition to the
continued exploration of treatment targets and their speci-
ficity, reverse engineering of therapeutic mechanisms may
permit novel management strategies, new drug target dis-
covery, and adjunctive treatment methodologies.

9 Conclusions

Since our previous CNS Drugs review [1], there has been a
surge in interest in the potential cellular mechanisms
underpinning therapeutic responses to lithium treatment. In
particular, through an increase in animal and human model
research, there is a greater appreciation of the association
between these cellular mechanisms and behavioural out-
comes. Recent research has unearthed greater complexity
within the overall picture showing an increased number of
mediators and inter-relations; however, at the same time, the
specificity of lithium’s mechanisms is becoming clearer.

Recent findings have shown that GSK3p inhibition with
lithium mediates many of the previously determined cellular
and now higher-order biological mechanisms, and the
sophistication with which excitatory neurotransmission is
dampened to a greater extent than inhibitory neurotrans-
mission is an indication of the subtlety of effects delivered
by this deceptively simple element. While there are oppor-
tunities to further understand the underpinning intricate
cellular mechanisms, research into the intermediate effects
on neural circuitry and clinical neurocognitive function will
allow for further development of predictive human models
for lithium response. This will facilitate the clinical trans-
lation of findings and ultimately improve the targeted use of
lithium in the management of mood disorders.
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