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ARTICLE INFO ABSTRACT

Keywords: Bipolar disorder (BD) is characterized by disrupted circadian rhythms affecting sleep, arousal, and mood.
Bipolar disorder Lithium is among the most effective mood stabilizer treatments for BD, and in addition to improving mood
Li_thiur_“ symptoms, stabilizes sleep and activity rhythms in treatment responsive patients. Across a variety of experi-
gg::s;;‘prehythms mental models, lithium has effects on circadian rhythms. However, uncertainty exists as to whether these actions
Gene expression directly pertain to lithium’s therapeutic effects. Here, we consider evidence from mechanistic studies in animals
Neurons and cells and clinical trials in BD patients that identify associations between circadian rhythms and the thera-

peutic effects of lithium. Most evidence indicates that lithium has effects on cellular circadian rhythms and
increases morningness behaviors in BD patients, changes that may contribute to the therapeutic effects of
lithium. However, much of this evidence is limited by cross-sectional analyses and/or imprecise proxy markers of
clinical outcomes and circadian rhythms in BD patients, while mechanistic studies rely on inference from animals
or small numbers of patients . Further study may clarify the essential mechanisms underlying lithium responsive
BD, better characterize the longitudinal changes in circadian rhythms in BD patients, and inform the develop-
ment of therapeutic interventions targeting circadian rhythms.

Animal models

1. Introduction

Bipolar disorder (BD) is a common and severe neuropsychiatric
disorder that affects 1-2% of the world’s population, causing adverse
effects on psychological, social, and occupational outcomes [1]. Among
BD patients, 10-20% die by suicide, a risk estimated to be 20-30 times
higher than the general population [2]. BD is defined by discrete mood
episodes of depression and mania/hypomania, interspersed with pro-
longed euthymic intervals where symptoms are mild or absent. Other
defining characteristics of BD include disruption of sleep, activity,
arousal, attention, cognition, and appetite, all of which involve physi-
ological systems that oscillate over daily 24 h cycles (i.e. circadian
rhythms). In addition to these episodic features associated with mood
symptoms, BD patients also show persistent differences in circadian
rhythms that occur even during euthymic intervals. Even in the absence
of mood symptoms, BD patients commonly show disrupted daily

patterns in sleep characterized by low rhythm amplitude (i.e. signal
strength), delayed onset/offset of activity [3,4], and evening chronotype
(i.e. preference for late activity) [5,6]. Moreover, genetic risk factors for
BD susceptibility overlap with risk for sleep disorders and determinants
of chronotype, suggesting common biological underpinnings of BD and
circadian rhythms [7-9]. Thus, circadian rhythm disruption may be a
fundamental aspect of BD affecting mood episodes, genetic vulnera-
bility, and stable characteristics of the disorder [10].

In humans, the master circadian timekeeper is located in the hypo-
thalamic suprachiasmatic nucleus (SCN). Within SCN neurons, molec-
ular transcriptional/translational feedback loops maintain cellular
rhythms (Fig. 1A). At the core of this loop, the proteins CLOCK and
BMALI1 bind to form a heterodimeric transcription factor complex. This
CLOCK/BMALI1 complex then binds to DNA at E-box promoter regula-
tory elements, driving the expression of “clock genes” including PER1/
2/3 and CRY1/2, which act as transcriptional repressors to inhibit their
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own expression. This cycle generates a ~24 h transcriptional/trans-
lational feedback loop causing oscillations in clock gene expression and
cellular rhythms [11]. Additional loops comprised of REV-ERB and ROR
genes and post-translational regulation of clock proteins further modu-
late these cellular rhythms. Dynamic features of rhythms are commonly
described in terms of period, phase, and amplitude (Fig. 1B). The mo-
lecular clock is expressed in cells throughout the body including the
brain and peripheral organs [12]. Although the SCN acts as the master
clock coordinating cells and tissues throughout the body with each other
and the environment, other tissue clocks maintain their own endoge-
nous rhythms even in isolated, experimental preparations [13,14].
Variation (e.g. single nucleotide polymorphisms, SNPs) in the circadian
oscillator genes or accessory pathways can affect aspects of their func-
tion including the timing and intensity of gene expression and post-
translational modification [15,16]. In humans, these may lead to indi-
vidual phenotypic differences in circadian rhythms, commonly observed
as different chronotypes and/or sleep behaviors. Chronotype frequently
correlates with internal circadian timing (i.e. phase) and is commonly
used as a proxy marker for circadian rhythm studies in humans [17,18].
Sleep phenotypes affecting duration, consolidation, or onset/offset may
reflect both circadian disruption (low amplitude or phase shifts) and/or
non-circadian features related to sleep homeostasis [19].

Lithium has been in use for >7 decades and remains an essential
mood stabilizer with efficacy across the clinical spectrum of BD. Lithium
has a unique pharmacological profile and has been shown to affect a
variety of neuronal signaling mechanisms including glycogen synthase
kinase 3 (GSK3) [20], inositol metabolism [21], and mitogen-activated
protein kinases (MAPK) [22] causing effects on brain gray matter and
white matter volume [23,24], autophagy [25], neurogenesis [26], syn-
aptogenesis [27,28], neuroprotection [29], and circadian rhythms. Due
to the diversity of drug effects, there remains considerable uncertainty
as to which mechanism(s) are most relevant for the therapeutic effects of
lithium in BD. Lithium treatment is not without problems: only 30% of
BD patients fully respond to long-term therapy, side effects are common,
and the toxicity profile is relatively poor, necessitating frequent labo-
ratory monitoring [30]. Limited understanding of lithium’s mechanism
of action in BD has impeded optimal treatment selection for patients and
hindered the development of more effective and safer mood stabilizers.
Given the disruptions of circadian rhythms observed in BD and evidence
that lithium alters circadian rhythms, this review addresses the question
of whether engagement with molecular circadian clocks is essential for
the therapeutic mechanism of lithium. We consider evidence from a
variety of sources including animal studies, cell-based experiments, and
human clinical trials and consider the potential utility of circadian
rhythms as a biomarker for predicting lithium response.

2. Lithium effects on circadian rhythms in rodents, non-human
primates, and healthy humans.

Lithium alters circadian rhythms in behavior and physiology across a
variety of mammalian species [31]. Specifically, lithium lengthens
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circadian period (i.e. time between activity onset on consecutive cycles)
in rodent wheel-running behavior under constant darkness [32-35]. In
addition, lithium causes phase delays and/or period lengthening in
circadian rhythms of melatonin, body temperature, and serum metab-
olites [31,36,37]. More recent studies have used bioluminescent re-
porters such as PERIOD2::LUCIFERASE (PER2::LUC) to study the effects
of lithium on circadian rhythms in peripheral organs of behaving mice
[38]. These approaches offer a means of studying rhythms in clock gene
expression without subjecting animals to stressful manipulations that
could alter physiology and provide a means for conducting longitudinal,
within-subject studies. As with wheel-running studies, lithium revers-
ibly lengthens the period of PER2::LUC rhythms in the kidneys of mice in
vivo at concentrations similar to therapeutic levels in humans (1 mM)
[38]. Interestingly, in vivo kidney PER2::LUC rhythms were more sen-
sitive to lithium’s period lengthening effects than ex vivo kidney slices
that required drug concentrations that would be supratherapeutic in
humans (10 mM) [38]. This demonstrates the importance of in vivo
recording to capture the circadian response to lithium in intact animals
and indicates that drug sensitivity may be context-dependent and
possibly more potent in vivo. Methods for long-term bioluminescence
rhythm recording in mouse brains in vivo have been developed [39], but
to date have not been used to study the effects of lithium.

Few studies have been conducted in primates and humans testing the
circadian effects of lithium treatment. In a laboratory study of diurnal
squirrel monkeys maintained under constant light conditions and
treated with lithium for 4-6 weeks, lithium caused a mean period
lengthening of 0.6 h. Lithium serum levels were found to be similar to
the therapeutic levels used in humans (0.76-2.02 mM) but with
considerable variation. Interestingly, the degree of period change
correlated only modestly with serum drug levels [40], suggesting the
presence of inherent, individual differences in sensitivity to lithium’s
chronobiological effect. Studies of lithium in healthy humans have also
been conducted, but have typically been small and not conducted under
laboratory conditions that adequately control for masking due to light/
dark cycles or other environmental factors, which hinder the accuracy of
circadian rhythm measurements. Among 22 healthy human volunteers
taking either placebo or lithium, self-reported sleep time was delayed by
14 min during lithium treatment [41]. In a different cohort of eight
healthy volunteers living in isolated conditions in the arctic, four sub-
jects showed period lengthening of temperature, sleep, and activity
rhythms while the other four did not [42]. This variability further sug-
gests the presence of individual differences in the chronobiological ef-
fects of lithium. In non-human primates and healthy humans, these
individual chronobiological responses to lithium may have a genetic
basis. If so, genetically encoded differences in the molecular targets of
lithium may affect not only lithium’s effects on rhythms but overlap
with drug targets that determine therapeutic response to lithium in BD
patients.
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Fig. 1. Molecular and dynamic features of the circadian clock. A) Core molecular clock feedback loop. The protein heterodimer CLOCK/BMAL1 binds to the E-
box and promotes the transcription of PER1/2/3 and CRY1/2. The protein products of these genes then inhibit their own transcription generating ~24 h rhythm in
gene expression. B) Fundamental properties of circadian rhythms include phase, period, and amplitude. Phase refers to the timing of a reference point in the cycle
relative to a fixed event (i.e. peak of the rhythm). Period refers to the time interval between two reference points in the rhythm (i.e. number of hours between two
consecutive peaks). Amplitude refers to the differences in the output level between the peak and trough values of the rhythm. These parameters can be derived in cells
(e.g. Per2-luc expression), physiology (e.g. melatonin levels), and behavior (e.g. sleep/wake behaviors).
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3. Lithium effects on circadian rhythm proxy measures in BD
patients.

There are no laboratory studies testing the effect of lithium on
circadian rhythms in BD patients. However, a variety of proxy markers
for circadian rhythms have been studied including chronotype measures
and actigraphy. A few studies in BD patients have found a relationship
between lithium use and chronotype [43-45]. In two small cross-
sectional studies, BD patients on lithium exhibited more morningness
compared to those taking other medications [44,45]. A third cross
sectional study of BD patients (149 subjects on lithium, 376 subjects not
on lithium) found no differences in chronotype between groups [46]. A
meta-analysis of these results concluded that lithium caused a nominal
trend (p = 0.08) towards increased morningness [47]. However, none of
the studies measured drug effects across time or correlated changes in
chronotype with therapeutic lithium response. In a small set of clinically
responsive BD patients (n = 11) treated with lithium over one year, there
was no change in morningess, even as average scores for depression and
manic symptoms tended to decrease [48].

The Pharmacogenomics of Bipolar Disorder (PGBD) study conducted
a prospective clinical trial of lithium monotherapy in 386 adult BD type I
(BDI) patients [43,49,50]. Participants were assessed at baseline and at
regular intervals to determine their mood state and occurrence of
manic/depressive symptoms and relapse. Similar to the cross-sectional
studies, those who entered the study currently stabilized on lithium
had higher levels of morningness and lower scores on a composite
measure of circadian disruption compared to unstable BD patients with
no prior exposure to lithium [43]. Patients who were previously treated
with lithium but did not fully stabilize showed intermediate levels of
morningness and circadian disruption [43]. Lithium was then prescribed
for the first time to a subset of 88 PGBD patients who were prospectively
assessed for 12 weeks. Of the 88 PGBD patients, half were later deter-
mined to be lithium responders. Baseline morningness did not differ
between lithium responders and non-responders. Lithium responders
improved across all domains of depression, including affective symp-
toms of anhedonia, hopelessness, and suicidal ideation, as well as
circadian symptoms related to sleep, activity, and energy. Lithium non-
responders who became unstable during the observation period
demonstrated improvement in affective symptoms of depression but
failed to show improvement in circadian symptoms. Changes in manic
symptoms were generally mild and similar across groups [43]. These
data suggest that improvement in circadian symptoms of depression
selectively distinguished lithium responders/non-responders and was
essential to mood stabilization. Therefore, the chronobiological effects
of lithium seem necessary for achieving a therapeutic lithium response.

Studies using actigraphy offer another means of estimating circadian
rhythms in BD patients. In a study of 90 outpatients with BD (78% BDI)
and a history of lithium treatment (classified retrospectively as lithium
responders/non-responders), actigraphy was measured for 21 days.
More robust rhythms correlated with lithium response, especially in BDI
[51]. Four rhythm parameters distinguished the lithium responders/
non-responders: intra-daily variability, activity level, amplitude, and
relative amplitude of activity [52]. In another prospective, randomized
trial of lithium versus quetiapine in BD type II (BDII) patients, both
drugs improved the coherence of activity rhythms after 8 weeks of
treatment, but only quetiapine caused a phase delay [53]. These results
again suggest an effect of lithium on rhythms. Interestingly, the latter
study indicates that other mood stabilizing drugs may also impact
rhythms, but perhaps in distinct ways. This study introduces the notion
that different mood stabilizer drugs may be able to alter rhythms in
particular ways and that depending on the change required, chronobi-
ological information may be informative in making personalized treat-
ment decisions for BD patients.

The emerging evidence from these clinical studies of circadian proxy
markers indicates that lithium responders have increased morningness
and that lithium increases rhythm amplitude specifically in lithium
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responders. However, there are relatively few of these studies and most
have small sample sizes and/or are confounded by the use of additional
medications and/or retrospective clinical assessment. Only in a few
cases can changes in rhythm proxy-measures be identified prospectively
and distinguished from patient characteristics that preceded treatment.
Importantly, actigraphy, chronotype, and symptom scale assessments
are only indirect measures of endogenous circadian rhythms. Actigraphy
is prone to artefacts from masking and has a reduced specificity in
detecting wake, which can be particularly problematic for patient pop-
ulations or those with irregular schedules [54,55]. Further studies,
including additional controlled laboratory experiments, are required to
clarify these points.

4. Lithium effects on cellular clocks.

To resolve the molecular mechanisms underlying lithium’s circadian
effects and overcome some of the limitations of studying circadian
rhythms in humans, ex vivo and cellular methods have been developed.

4.1. Rhythm studies in explants and transgenic animals

In whole brain tissue from mice, lithium upregulated expression of
Per1, Per2, and Cryl [56]. Gene expression studies in mouse fibroblasts
also indicated that lithium (20 mM) increased Per2 and Cry1 expression,
decreased Per3, Bmall, and Rev-Erba expression, and lengthened the
period of Per2 expression [57]. Further, lithium altered clock gene
expression and timing in the mouse striatum, which is an important
brain region for motivated behavior regulation. Specifically, lithium
increased Cryl and Per2 expression and decreased Rev-Erba expression
in the middle of the light phase. Lithium also shifted the phase of CRY1
protein expression in the striatum [58].

In mouse SCN explants, neuronal action potential frequency is
rhythmic, and lithium caused a concentration-dependent period
lengthening of this rhythm [59]. Interestingly, there was no effect of
lithium at a therapeutically relevant concentration (1 mM) but only
concentrations that exceeded the therapeutic range (3-6 mM) [59].

In tissues harvested from PER2::LUC mice, lithium lengthened the
period and increased rhythm amplitude. Interestingly, while 2 mM of
lithium was required for a response in ex vivo SCN rhythms, responses in
lung tissue and fibroblasts required higher lithium concentrations (5-10
mM) [34]. This suggests differences in lithium sensitivity across
different tissue types. Differences in lithium sensitivity were also
observed when the effects of lithium were measured across multiple
brain regions. Four different brain regions (SCN, median eminence,
substantia nigra, and olfactory bulb) displayed concentration-dependent
effects of lithium on period and amplitude. However, the magnitude of
these effects differed by brain region [60].

Clock genes also seem to be involved in lithium’s effects on anxiety
and depression-like behaviors. For instance, lithium treatment improved
performance on the forced swim test in wild-type mice, but Cryl null
mutants did not show any improvement after lithium. CryI null mutants
also displayed more manic-like exploratory locomotor activity in an O-
maze compared to wild-type mice at baseline, and lithium reduced this
behavior exclusively in the Cryl null mutants [58]. These results suggest
that the loss of Cryl and perhaps other clock genes may prevent lith-
ium’s beneficial effects on anxiety/depression-like behaviors in mice,
which indicates that a functional molecular clock could be a necessary
mechanistic component of lithium’s beneficial effects in these models.

4.2. Cellular and molecular mechanisms of lithium

Lithium is a GSK3 inhibitor and alters the stability and/or nuclear
translocation of clock proteins including CLOCK, CRY2, PER2, and REV-
ERBa (Fig. 2A) [61-66]. In fibroblasts, lithium also stimulates calcium,
extracellular receptor kinase (ERK) signaling, and the transcription
factors Elkl and Egrl to increase Per2-luc amplitude [67,68]. Like
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Fig. 2. Proposed model of lithium molecular mechanisms of circadian regulation. The sensitivity of circadian rhythms to lithium is context dependent.
Sensitivity is cell type and brain region dependent as well as typically greater in vivo compared to ex vivo or in cell cultures. A) At low concentrations, lithium inhibits
glycogen synthase kinase 3 beta (GSK3B), which shortens period and increases amplitude through changes in post-translational modification of clock proteins.
Selective chemical inhibitors of GSK3, such as CHIR99021, mimic these circadian effects. B) At higher concentrations, lithium lengthens period, possibly by inhibiting
inositol monophosphatase (IMP). IMP inhibition causes changes in the turnover of IP; and can extend the duration of its signaling activity, which modulates
intracellular calcium release. Selective chemical inhibitors of IMP, such as L690330, mimic the period lengthening effects of lithium. Additionally, lithium inhibits
other enzymes in the inositol pathway not included in the figure (e.g. inositol polyphosphatases) whose roles in circadian rhythms remain unknown. C) Model 1:
Cellular rhythm features and chronotype of BD patients before treatment determine the subsequent impact of lithium on rhythms and mood. In this model, patients
with short circadian period and a morning chronotype can tolerate the period lengthening in response to lithium. Patients with a longer period and low levels of
morningness would be adversely affected by the period lengthening effects of lithium and prone to disrupted circadian rhythms. These effects may be observed as low
amplitude behavioral rhythms in sleep and activity and/or overall failure to improve mood. D) Model 2: Biological variability among BD patients determines the
impact of lithium on circadian rhythms in vivo. When lithium shortens period (left pointing arrow), patients will develop higher levels of morningness, higher
amplitude behavioral rhythms, and mood improvement (i.e. favors lithium response). In contrast, when lithium lengthens period (right pointing arrow), patients
have a greater likelihood of circadian disruption and fail to stabilize mood (i.e. favors lithium non-response). Genetic variability affecting the GSK3 and IMP
pathways may influence which effect of lithium predominates. Abbreviations: GSK3B: Glycogen synthase kinase 3 beta, IP3, inositol trisphosphate; IP3R, inositol

trisphosphate receptor; Ino, myo-inositol.

lithium, GSK3 inhibitors or genetic inhibition of GSK3f increases
rhythm amplitude. However, these GSK3 interventions shorten period,
which is the opposite effect as lithium in behavioral and cellular assays
[61]. The period lengthening effects of lithium were mimicked by se-
lective inhibitors of inositol monophosphatase (IMP) and in mouse cell
lines reversed by blocking inositol trisphosphate (IP3) receptors with
antagonists or siRNA knockdown of Itpr3 [48]. Therefore, the effects of
lithium on circadian rhythms involve distinct and partly dissociable
molecular mechanisms that affect amplitude and period (Fig. 2A-B). In
cells, effects on amplitude are typically observed at low concentrations
of lithium (1-5 mM), while effects on period require higher concentra-
tions (10-20 mM). Differences in GSK3p expression and/or inositol-
related signaling pathways across cell types may explain some of the
cell-type specific differences in lithium sensitivity. Interestingly,
convergence of the IP3 and GSK3p pathways may occur through inositol
pyrophosphates. Knockdown of Ipmk encoding inositol polyphosphate
multikinase in mouse cell lines reduces the effect of lithium on Per2-luc
amplitude and period [69]. However, it remains unclear how the inte-
gration of these pathways affects behavior.

4.3. Rhythm studies in human BD cell lines

In single cells, autonomous fibroblast clocks are mechanistically
similar to neuronal clocks [12], allowing human rhythms to be studied
in vitro [70]. Early studies of fibroblasts from BD patients revealed
molecular clock gene and phosphorylated-GSK3p expression

abnormalities [71]. In later studies using Per2-luc reporter assays, BD
patient fibroblasts were found to have a longer period compared to
healthy controls. In healthy control donor fibroblasts, lithium increased
amplitude and lengthened period (at 1 mM and 10 mM, respectively).
However, in BD fibroblasts, both of these circadian rhythm effects of
lithium were attenuated [72]. A general resistance to pharmacological
period lengthening in BD patient fibroblasts was independently reported
using other drugs with distinct molecular mechanisms [73]. Subsequent
analysis determined that the lack of amplitude response to lithium in BD
fibroblasts was associated with a genetic polymorphism in CACNAIC, a
BD-risk associated allele in a calcium channel gene. Moreover, the
lithium-stimulated release of intracellular calcium and ERK1/2 activa-
tion was attenuated in BD samples [67,68]. However, due to clinical
heterogeneity and lack of prospective evaluation in the patient donors,
none of these studies were able to correlate cellular rhythms with clin-
ical response to lithium.

To address this gap, a sample of lithium responders (Li-R) and
lithium non-responders (Li-NR) from the PGBD prospective lithium
monotherapy trial donated skin biopsies for use in cellular Per2-luc
rhythm studies. In general, Li-R fibroblasts had shorter periods than Li-
NR fibroblasts [48]. However, there was period variability among the Li-
R fibroblasts, and in the subset of Li-R fibroblasts with longer periods, in
vitro lithium treatment (1 mM) selectively shortened period. In contrast,
lithium treatment had no significant effect on circadian period in Li-NR
fibroblasts. This suggests that some Li-R fibroblasts have distinct rhythm
characteristics even before treatment with lithium, while others have
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differential sensitivity to the chronobiological effects of lithium.

Both GSK3f and the IMP/IP3 pathways have been implicated in
lithium’s cellular rhythm effects in BD patient fibroblasts. ITPR3 geno-
type predicted whether in vitro lithium treatment would lengthen
fibroblast period [67]. GSK3f genotype corresponded with lithium-
dependent period and amplitude changes in patient fibroblasts [72].
These data suggest that individual genetic variation in GSK3p and the
IMP/IP3 pathway components may contribute to the differential circa-
dian effects of lithium in cells and perhaps influence the therapeutic
response in people with BD.

Fibroblasts from a subset of PGBD clinical trial participants were
reprogrammed into induced pluripotent stem cells (iPSCs), developed
into neuronal progenitor cells, and differentiated into glutamatergic
neurons [74]. The phase dispersion of Per2-luc rhythms in BD neurons
was greater than control neurons, regardless of treatment outcomes. In
Li-NR neurons, amplitude was also reduced and there were fewer
rhythmic neurons compared to control and Li-R neurons. This suggests
that circadian rhythms in BD neurons are less coordinated and overall,
less rhythmic. Further, in vitro lithium treatment (10 mM) lengthened
circadian period in control and Li-R neurons only [74]. These data
suggests that underlying cellular rhythm characteristics and drug-
induced effects on rhythms in neurons both correlate with lithium
response in BD patients.

Taken together, the cellular studies of BD patient fibroblasts and
iPSC-derived neurons indicated that there are stable trait-like circadian
rhythm characteristics in the absence of lithium that are associated with
Li-R, but that in some samples, lithium-induced effects on circadian
rhythms may also be important. Since inhibition of GSK3 and IMP have
opposite effects on period and lithium inhibits both enzymes, individual
differences in BD patients may determine which effects dominate at low
lithium concentrations that correspond to the therapeutic serum levels
in humans (0.5-1.0 mM). Notably, while the human actigraphy studies
in patients and iPSC-neuron studies in vitro both implicate low amplitude
as a marker of Li-NR, increased amplitude in cellular rhythms either at
baseline or after drug treatment does not appear to predict lithium
response. In fact, both Li-R and Li-NR show a lack of rhythm amplifi-
cation after lithium treatment in vitro, suggesting this may be a general
biomarker for BD.

5. Conclusion

Circadian rhythms are a pervasive feature of biology regulating
nearly every cell in the body. It has been estimated that in any given cell,
10% of the genome is rhythmically expressed, and nearly half the
genome is rhythmically expressed in at least one cell type [75,76]. With
this in mind, it is not surprising that some aspects of the lithium response
intersect with circadian rhythms, but it remains unclear whether lithium
effects on circadian rhythms are necessary for the therapeutic lithium
response and whether manipulation of circadian rhythms by other
means could similarly accomplish favorable treatment outcomes in BD.

Data indicate that lithium has effects on circadian rhythms in ani-
mals and humans, both in cells and in vivo with differences in drug
sensitivity across cell types. While limited to laboratory evaluations of
peripheral organs in mice and uncontrolled human studies using proxy
measures, the effects of lithium on rhythms in vivo appear more potent
than in cellular assays or tissue explant studies. In BD patients, Li-R
appear to have a more favorable profile of circadian rhythms with
more robust rhythms, better sleep characteristics, and a morning chro-
notype, whereas Li-NR show low amplitude rhythms and circadian
disruption. However, most of these studies are cross-sectional and
cannot distinguish pre-existing patient characteristics from the effects of
drug treatment. In addition, all clinical studies to date rely upon proxy
measures of rhythms such as self-report scales and/or actigraphy.
Cellular studies have shown differences in circadian rhythms of BD pa-
tients including longer period and reduced amplitude, and again suggest
important differences between Li-R/Li-NR. A therapeutic lithium
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response can be predicted based on circadian traits prior to lithium
treatment as well as in response to lithium in vitro. Overall, the clinical
evidence offers some support that lithium corrects sleep deficits, in-
creases morningness, and amplifies rhythms, but this evidence is pre-
liminary and offers comparatively weak support for the hypothesis that
chronobiological features are essential for the therapeutic actions of
lithium.

5.1. Chronobiological models of lithium response

Given the available data regarding lithium response and circadian
rhythms, two possible summary models are proposed (Fig. 2C-D). First,
differential levels of morningness at baseline may determine which pa-
tients can tolerate the period lengthening effects of lithium (Fig. 2C). In
this model, Li-R enter treatment with high morningness, which allows
them to tolerate the period lengthening “chronobiological side effects”
of lithium, while Li-NR have low morningness and experience worsened
circadian disruption due to period lengthening that causes poorly
entrained, low amplitude rhythms. These circadian disruptions in Li-NR
are predicted to cause ill effects on mood and sleep leading to an overall
lack of improvement in symptoms and/or an inability to tolerate
lithium. In this scenario, a biomarker indicating a shorter circadian
cellular period and/or high baseline levels of morningness behaviors
would suggest a good prognostis. Furthermore, because Li-NR are pre-
dicted to display increased circadian disruption in response to lithium,
measurements of circadian rhythms shortly after lithium treatment
could be used to distinguish this subset quickly and alternative medi-
cations could be administered. The second model proposes that by
shortening cellular period, lithium increases morningness in a subset of
BD patients who are sensitive to this pharmacological effect by virtue of
genetic variability in key regulatory pathways (Fig. 2D). In this model,
biomarkers that predict an individual’s sensitivity to period shortening
may be predictive of Li-R. This model may require a patient to have a
longer period at baseline so that any shortening maintains an optimal
rhythm of ~24 h. The majority of evidence presented here supports the
first model but supporting evidence for the second model is also avail-
able. Importantly, these models are not mutually exclusive and may be
reinforcing in some instances.

5.2. Role of circadian rhythm modulation in mood stabilizers

Additional mood stabilizer medications may employ chronobiolog-
ical mechanisms to induce a therapeutic response including quetiapine
[53], lurasidone [77], valproic acid [78,79], and ketamine [80-82]. It
will be an important area of future research to determine the extent to
which these chronobiological mechanisms impact the course of BD and
how the various effects on rhythms can be deployed strategically to
optimize clinical outcomes and/or personalize treatment for a particular
symptom profile or set of biomarkers.

Identifying the essential molecular targets of lithium may help
improve the development of future therapeutics. It remains to be
determined if engagement with the circadian system is 1) sufficient in
itself to be therapeutic, 2) an antecedent to a distinct neuronal process
(e.g. neuroprotection); or 3) a component of a complex process requiring
several cellular changes to co-occur simultaneously. If alterations to the
molecular clock alone are therapeutic, prospective clinical trials could
be conducted to evaluate other means of adjusting rhythms in BD pa-
tients experiencing either depression or mania. To resolve the other two
possibilities, prospective clinical studies with careful use of biomarkers
for both circadian and non-circadian processes must be performed in BD
patients. Further, animal and human cellular studies with targeted in-
terventions may increase understanding of the molecular mechanisms of
lithium and other mood stabilizing drugs. The financial incentives to
invest in lithium studies may be limited if proposed in isolation.
Therefore, such studies must be incorporated into larger efforts to
identify the molecular mechanisms of circadian rhythm modulation and
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mood stabilization.
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