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Integrative analysis of lithium treatment associated
effects on brain structure and peripheral gene
expression reveals novel molecular insights into
mechanism of action
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Abstract

Lithium is a highly effective medication for bipolar disorder, but its mechanism of action remains unknown. In this
study, brain MRI scans and blood samples for gene expression (total of 110 scans and 109 blood samples) were
collected from 21 bipolar subjects before and after 2 and 8 weeks of lithium monotherapy and at the same time-
points from untreated 16 healthy controls. We used linear mixed-effects models to identify brain structural features
and genes with expression changed after lithium treatment, with correction for multiple testing, and correlated their
concurrent changes to identify molecular pathways associated with lithium effects. There are significant increases in
gray matter fraction, global cortical thickness, and the frontal and parietal cortices after 8 weeks of lithium treatment
(corrected p < 0.05). Volume increases were also seen for putamen, hippocampus, thalamic nuclei, and thalamic
substructures. Several genes showed significant expression changes, and 14 gene pathways were identified for the
present integration analysis. Of these, nine pathways had significant correlations with structural changes (FDR < 0.05).
Three neurotrophy-related pathways (GDNF family of ligands, NFAT immune-response, and p53-signaling pathway)
correlated with structural changes in multiple regions. Mediation analysis showed that the sphingomyelin metabolism
pathway is associated with HAM-D change (p < 0.01), and this effect is mediated via the volume of mediodorsal
thalamus (p < 0.03). In summary, the integration of lithium effects on brain structural and peripheral gene expression
changes revealed effects on several neurotrophic molecular pathways, which provides further insights into the
mechanism of lithium action.

Introduction limitation has impeded methods to monitor its effects and

Lithium is a highly effective and specific medication for
bipolar disorder (BD)'~”. Furthermore, it is a life-saving
medication, as it has consistently been shown to decrease
suicides as well as overall mortality in subjects who take
it®. Though a number of molecular effects of lithium have
been reported using in vitro experiments, their sig-
nificance for clinical treatment and efficacy has been
limited due to lack of suitable animal models for BD. This
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the development of new medications with similar efficacy
and specificity. Therefore, in vivo, clinical research using
multi-modal data is needed to identify neurological and
molecular biomarkers for lithium effects.

Basic science research on lithium has shown it to have a
variety of acute effects on membrane function and signal
transduction mechanisms’. In addition, it has been shown
to affect several transcriptional regulators such as cAMP
response element-binding protein (CREB), glycogen
synthesis kinase 3 (GSK3), protein kinase C involved in
signal transduction, and extracellular-regulated kinase
(ERK)/mitogen-activated protein kinase (MAPK)31°,
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Clinical effects of lithium on gene expression in animal
models or in vitro in human cell lines'"'* have revealed
changes in the expression of a number of genes involved
in ion channel and receptor function, signal transduction
(including the phosphatidylinositol system), neuropro-
tective mechanisms, energy metabolism, and thyroid
function. However, the relationship of these changes in
gene expression to clinical response to lithium in humans
remains unclear.

In the past decade, gene expression in peripheral blood
lymphocytes has been used as a proxy for central nervous
system gene expression'”. As brain biopsy is unrealistic in
living humans, lymphocyte gene expression provides a
convenient and accessible alternative to study molecular
changes in health and disease, particularly if multiple
samples are required'>'*. Current evidence suggests that
the vast majority of genes expressed in brain tissue are
also found in blood, with tissue-specific expression
occurring for only a small number of genes'”. Recent
studies have demonstrated that gene expression in per-
ipheral blood lymphocytes is reasonably well correlated
with expression in the central nervous system'®'’. For
example, nearly half of the candidate genes relevant to
schizophrenia were expressed both in blood and pre-
frontal cortex, and expression levels of many biologically
relevant classes of genes were not significantly different
between blood and prefrontal cortex'®. Changes in per-
ipheral gene expression have now been used much more
extensively, and recent reports show that these changes
may help predict depression and suicidality'®'®. Beech
and colleagues conducted studies of gene expression
change in peripheral lymphocytes in BD subjects on
lithium treatment for one month®’, as well as BD subjects
prospectively treated with lithium for 6 months®".
Responders had a greater upregulation of anti-apoptotic
genes (BCL2) while pro-apoptotic genes were down-
regulated. However, these studies were conducted while
the subjects were simultaneously on other medications,
and thus it is impossible to determine whether the effects
observed were due to lithium.

Given the above limitations in the literature, we pre-
viously conducted a study of lithium monotherapy effect on
peripheral lymphocyte gene expression and reported
alterations in genes and pathways related to immune
function, signal transduction, and regulatory molecules™.
Thus, preliminary evidence of the molecular mechanisms of
lithium is available. However, this research is limited in two
important ways. First, the specific structural brain
mechanisms by which these differences in gene expression
impact pathology remain unknown. Second, gene expres-
sion was observed only peripherally, and thus there is no
direct evidence that these changes had consequences in the
brain. Given the difficulties discussed above regarding direct
assessment of gene expression in the brain, it is necessary to
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simultaneously examine changes in peripheral gene
expression and putative neural mechanisms to link these
crucial levels of analysis.

In the present study, we used the same sample to
investigate the relationship between changes in gene
expression and changes in brain structure before and after
lithium treatment®, Several studies have reported chan-
ges in brain structure after lithium therapy. Meta-
analyses®>**, as well an analysis of data from an interna-
tional consortium®, have provided further evidence in
support of this finding. One major methodological issue
in many studies is that they have used a cross-sectional
design to compare structural volumetric differences
between subjects on lithium for a variable period and
subjects not on lithium. In many of these studies, subjects
were also on other medications. However, a few studies
which have used a longitudinal design to study lithium
monotherapy effects, have also reported neurotrophic
effects albeit variable results have been seen in a variety of
regions using a small number of subjects*~>°,

We hypothesized that integration of the structural
changes with gene-expression pathways changes would
provide more specific information regarding which
molecular changes may be related to lithium mechanisms
of action in BD. We examined global measures of brain
structure (e.g., global cortical thickness), which should
provide an overall assay of the impact of lithium on the
brain. Given that changes may be more likely to occur in
regions previously implicated in mood disorders, we also
examined volumes in several specific brain areas. Thus,
we hypothesized that lithium would be associated with
increases in both global and regional indices. We also
hypothesized that neural changes would correlate with
gene expression changes in genetic pathways known to be
implicated in lithium mechanisms of action. Furthermore,
we hypothesized that the integration analysis of brain
structure and gene expression would also reveal new
molecular targets of the mechanism of action.

Subjects and methods
Participants

BD participants aged between 18 and 60 years were
recruited via the Indiana University Hospital outpatient
psychiatry clinic and community advertisement. All par-
ticipants gave written informed consent, approved by the
Institutional Review Board at the Indiana University
School of Medicine.

All BD participants satisfied the DSM-IV-TR criteria for
a current BD and current (hypo)manic or a depressed
episode®. They were required to be medication-free for
more than 2 weeks before study inclusion. Healthy sub-
jects were required to have no personal or family history
of psychiatric illness or alcohol or substance abuse
dependence.
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Further details of inclusion and exclusion criteria are
presented in Supplementary Materials.

Study design and lithium treatment

Baseline blood samples for gene expression analysis
were collected after each participant signed the consent
form. The participant also underwent a magnetic reso-
nance imaging (MRI) scan in the same session.

Immediately after the baseline, BD participants started
lithium treatment with 300 mg twice daily. Lithium levels
were checked after about one week, and when necessary
lithium dose was increased to achieve levels between 0.5
and 1.0 mEq/l. Blood sample collection and MRI scans
were repeated for each participant after 2 and 8 weeks of
treatment. Lithium levels were also checked near these
follow-up visits.

The participants completed the 17-item Hamilton
Depression Rating Scale (HAMD) and the Young Mania
Rating Scale (YMRS)?! at baseline and weekly thereafter
for the 8 weeks of lithium treatment. A psychiatrist
assessed clinical improvement with the Clinical Global
Impression of Severity (CGIS) and Improvement (CGII)
Scale scores at week 2 and week 8 for overall bipolar
illness®2.

RNA expression analysis

RNA expression analysis was conducted as described
previously*?, and details are given in the Supplementary
materials.

MRI acquisition and imaging analysis

Details of structural MRI acquisition are presented in
the Supplementary materials.

Tlw MPRAGE was preprocessed using iterative N3
intensity correction® and standard space (International
Consortium for Brain Mapping [ICBM]**) registration
using a hierarchical approach®. Inter-session scans were
co-registered using Medical Imaging NetCDF (MINC)
toolkit V2 1.9.16¢. Whole-brain fraction (WBF) was
calculated as the ratio of brain parenchymal volume and
outer brain contour volume, and the result was given in
an arbitrary fractional unit. Gray matter fraction (GMF)
and white matter fraction (WMF) were calculated using
statistical parametric mapping (SPM) version 12 to seg-
ment MPRAGE image into gray matter, white matter, and
cerebrospinal fluid®’, and further combined with FSL
(FMRIB Software Library) FIRST segmentation masks.
The volumes of gray matter and white matter were divi-
ded by the intracranial volume, which was derived from
the standard ICBM atlas to result in GMF and WMF in
arbitrary unit.

Cortical thickness was measured using cortical long-
itudinal atrophy detection algorithm (CLADA)®, which
was developed internally.
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FSL’s FIRST (FSL version 5.0.9)%° was used to calculate
the normalized volumes of accumbens, amygdala, cau-
date, hippocampus, pallidium, putamen, and thalamus on
each hemisphere.

Percent change in the structures (WBF, GMF, WMEF,
and deep structures) was calculated using pairwise Jaco-
bian integration technique®’.

Statistical analysis

The overall statistical data analysis consisted of two
stages. Stage I identified significant volume changes from
baseline to week 2 or 8 associated with the lithium
treatment. Similarly, differential expression analysis was
performed to identify genes with significant expression
changes. Ingenuity pathway analysis (IPA) was then per-
formed based on individual genes with significant
expression changes (QIAGEN, Inc.). At week 2 or 8, for
the genes or pathways and structural features with sig-
nificant changes from baseline, Stage II correlated them
pairwise to identify pairs associated with the lithium
treatment together.

Lithium-induced structural change

Percent volume changes of each structural imaging
feature at weeks 2 and 8 were analyzed using the linear
mixed-effects model. Twenty-seven imaging features were
tested, and features with Bonferroni corrected p <0.05
were considered as having significant changes from
baseline.

Gene expression change

The gene expression data were first preprocessed,
including transformation and normalization. Differential
expression analysis was also performed using the linear
mixed-effects model. The contrasts between baseline and
week 2 or week 8 provide the estimated expression
changes. The results were adjusted for multiple compar-
isons using FDR. The data from significant genes were
then imported into IPA to identify canonical pathways.
The gene expression of each IPA pathway was computed
as the average of the normalized expression (i.e., z-score)
of the genes involved in this pathway.

Integration of brain structural and gene expression changes

The integrative analysis had to be restricted to partici-
pants with both gene expression and MRI data measured
at two time points (i.e., baseline and week 2 or 8). For each
pair of gene and structure feature, the Pearson correlation
coefficient was computed for the log 2-fold change of
expression and the percent change of volume. The pair-
wise correlations were tested for statistical significance
using FDR, and only the pairs with FDR<0.05 were
identified as having significant and correlated changes
associated with lithium treatment. The same pairwise
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analysis was performed for pairs of IPA gene pathways
and structure features. For each significant and correlated
pair, mediation analysis was conducted with HAMD
change as the outcome and the brain structure feature as
the mediator using the mediation package in R*. All
analyses were performed using R 3.6.0 (cran.r-project.

org).

Results
Participant characteristics

Twenty-six BD participants had structural MRI scans at
both baseline and week 8, and 25 of these had MRI scans
at week 2. Among them, 21 (11 BPD and 10 BPM) par-
ticipants had both MRI scan and gene expression per-
formed. Demographic and illness characteristics of the
population are presented in Table 1.

Lithium effects on brain structure features

After 2 weeks of treatment, 8 structures had significant
changes (Fig. 1 and Table 2), which include the ventricular
volume and global, frontal, and parietal cortical thickness.
These volume changes are —2.37%, 0.81%, 1%, and 0.94%,
respectively, which were smaller than the changes at

Table 1 Demographics and baseline illness
characteristics for BD and healthy controls (HC) with both
MRI and gene expression data.

Characteristic BD BPM BPD HC
(N=21) (N=10) (N=11) (N=16)

Age (years) 33 (12)2 34 (14) 32(11) 31 (9)

Female 11 (524%) 6 (60%) 5 (45%) 12 (75%)

Caucasian 21 (100%) 10 (100) 11 (100%) 14 (88%)

Bipolar | 10 (48%) 6 (60%) 4 (36%)

HAMD score 15 (8) 8 (3) 22 (4)

(17 item)

YMRS score 9(7) 16 (1) 22

CGIS score 4(0.2) 4 (03) 4 (0)

Lithium levels— 055 (0.2) 062 (0.3) 049 (0.1)

week 8

Age at first 13 (5) 125 (5) 13 (5)

episode (years)

Medication free 49 (83) 67 (116) 33 (36)

period (months)®

Duration of 5(5) 2(3) 8 (5)

current episode
(weeks)

Participants with both MRI and gene expression data.

Statistics are mean (SD) for continuous variables and N (%) for categorical
variables.

*Two participants were treatment naive.
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8 weeks (please see below). The GMF increased by 0.17%
(95% CI=[0.06%, 0.31%]), but this did not survive cor-
rection for multiple testing (p = 0.0837).

After eight weeks of lithium treatment (Fig. 1 and Table
2), the GMF increased by 0.38% (uncorrected 95% CI=
[0.16%, 0.59%], corrected p = 0.0377; Table 2). The WMF
had no significant volume change (p = 0.95). The whole
brain fraction increased by 0.23% (95% CI = [0.04%,
0.42%]), which was not significant after correction for
multiple testing. The ventricular volume decreased sig-
nificantly by 3.58% (95% CI =[2.03%, 5.12%], corrected
p=0.0018). Global mean cortical thicknesses increased
by 1.07% (95% CI = [0.61%, 1.53%], corrected p = 0.0018).
Frontal and parietal cortical thicknesses both had sig-
nificant increases of 1.49% (95% CI=[0.86%, 2.12%],
corrected p=0.0014) and 1.30% (95% CI=1[0.78%,
1.82%], corrected p = 0.0007), respectively.

Three deep structures had significant volume increases
after 8 weeks of treatment. Specifically, putamen
increased by 0.93% (95% CI=[0.55%, 1.31%], corrected
» <0.0001), hippocampus increased by 1.16% (95% CI =
[0.71%, 1.61%], corrected p<0.0001), and thalamus
increased by 1.01% (95% CI=[0.71%, 1.31%], corrected
p<0.0001). For the thalamus, the volumes of six sub-
structures changed significantly after the lithium treat-
ment, including habenula, and anterior, lateral, medial,
mediodorsal, and posterior thalamic nuclei. Habenula
volume decreased by 2.19% (95% CI=[0.92%, 3.45%],
corrected p = 0.041) while the volumes of other thalamus
substructures all increased (Table 2).

Healthy subjects had no significant structural changes at
either week 2 or 8 (Fig. 1). No significant differences were
found between BPM and BPD patients.

Lithium effects on gene expression

The differential gene expression analysis revealed
results similar to the ones reported earlier®. Fifty-five out
of 33,297 probes showed significant expression changes
(FDR < 0.05) after 8 weeks of lithium treatment (Supple-
mentary Fig. 1). Of these, 46 probes had significant
expression increases, and the top genes included
SLC31A2, IL5RA, P2RY14, FAR2, and TSPAN2; 9 probes
had significant expression decreases, including top genes
as CPT1A, PLBI1, and FGGY. Twenty-three probes also
had significant expression changes (FDR<0.05) at
2 weeks. To identify gene pathways affected by lithium
treatment, we applied a relaxed criterion by including
genes with uncorrected p < 0.05, which provided an ade-
quate number of genes for IPA. When comparing baseline
to week 8, a total of 329 pathways were identified from
IPA. Of these, we included 14 pathways which showed
significant changes (uncorrected p<0.01, see Supple-
mentary Table 1) for the integration analysis. These
pathways included several immune-related pathways:
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Fig. 1 Trajectories of volumetric percent changes of brain structures by BD and HC subjects. Solid lines are for BD group and dashed lines are
for HC group.

interferon signaling pathway, NFAT regulation pathway,
GDNF family ligand-receptor interactions pathway,
sphingomyelin metabolism pathway, and the pathogenesis
pathway of multiple sclerosis. PIK3CG, PIK3R6, and ATM
were the three most common genes found across these
pathways.

For week 2, while 167 IPA pathways were identified,
none of them had significant changes. Therefore, inte-
gration of gene pathways and structure features was not
performed for week 2.

No gene had significant expression changes found for
healthy subjects at either week 2 or 8. No significant
differences were found between BPM and BPD patients.

Integration of brain structural and gene expression
changes

The integration analysis included 21 participants with both
gene expression and MRI data. Supplementary Fig. 2 shows
the correlations when integrating individual genes and
structure features with significant changes at week 8. Positive
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Table 2 Brain structure features with significant changes after 2 or 8 weeks of lithium treatment.
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Feature

Baseline to Week 2

Baseline to Week 8

% Change [95% Cl]

Corrected p-value®

% Change [95% Cl]

Corrected p-value®

Gray matter fraction 0.17% [0.06%, 0.28%)] 0.0914 0.38% [0.16%, 0.59%)] 0.0395
Ventricular volume —2.37% [—3.58%, —1.16%] 0.0118 —3.58% [—5.12%, —2.03%] 0.0020
Global cortical thickness 0.81% [0.39%, 1.22%] 0.0134 1.07% [0.61%, 1.53%] 0.0019
Frontal cortical thickness 1% [0.5%, 1.51%)] 0.0110 1.49% [0.86%, 2.12%)] 0.0015
Parietal cortical thickness 0.94% [0.44%, 1.44%)] 0.0167 1.30% [0.78%, 1.82%)] 0.0008
Deep structure

Hippocampus 0.33% [—0.05%, 0.71%) 1.0000 1.16% [0.71%, 1.61%)] 0.0005
Putamen 0.32% [0.13%, 0.51%)] 0.0471 0.93% [0.55%, 1.31%)] 0.0010
Thalamus 0.52% [0.31%, 0.73%] 0.0008 1.01% [0.71%, 1.31%)] 7E—6
Thalamus substructure

Anterior thalamus 0.65% [0.18%, 1.11%] 0.1806 1.20% [0.61%, 1.79%)] 0.0095
Habenula thalamus —1.74% [—2.9%, —0.57%) 0.1393 —2.19% [—3.45%, —0.92%) 0.0426
Lateral thalamus 0.93% [0.48%, 1.39%] 0.0077 1.79% [1.38%, 2.20%)] 7E-8
Medial thalamus 0.69% [0.38%, 1%] 0.0028 1.16% [0.66%, 1.66%] 0.0021
Mediodorsal thalamus 0.74% [0.25%, 1.24%) 0.1172 1.18% [0.49%, 1.86%)] 0.0454
Posterior thalamus 0.97% [0.16%, 1.79%)] 0.5073 1.38% [0.60%, 2.16%)] 0.0348

?Corrected for multiple testing using the Bonferroni approach.

correlations ranged from 043 to 0.65, whereas negative
correlations ranged from —0.63 to —0.44. However, none of
the correlations was significant (FDR < 0.05) after correction
for multiple testing due to a large number of correlations.
Also, no significant correlations were found when integrating
individual genes and structure features at week 2.
Integrating gene pathways and structure features with
significant changes at week 8 identified 23 pairs of pathway
and structures with significantly correlated changes (FDR <
0.05). These 23 pairs involve 9 gene pathways and 7 struc-
tures (Table 3). Increase in GMF was positively correlated
with increased expression of the GDNF family receptor
pathway (r=0.618, FDR = 0.033) and p53-signaling pathway
(r=0.602, FDR =0.038) (Fig. 2a). The decrease in ven-
tricular volume was negatively correlated with expression
increases of the NFAT immune-response pathway (r=
—0.592, FDR = 0.042; Fig. 2b). Figure 2c shows that habenula
volume decrease was negatively correlated with increased
expression of the GDNF pathway (r = —0.63), NFAT path-
way (r = —0.614), and neuropathic pain signaling pathway (r
= —0.583). Mediodorsal thalamus volume increase was
positively correlated with increased expression of the sphin-
gomyelin metabolism pathway (r=0.598, FDR = 0.039).
Global, frontal, and parietal mean cortical thicknesses
were all positively correlated with the p53-signaling
pathway and the NFAT immune-response pathway, and

the correlations are mostly >0.7 (Supplementary Fig. 3).
Global cortical thickness was also positively correlated
with the GDNF family receptor pathway, the neuropathic
pain signaling pathway, the non-small cell lung cancer
signaling pathway and the pattern recognition receptors
of bacteria and viruses.

Mediated effects of gene pathways on HAMD changes

The mean HAMD score was 15 (SD = 8) at baseline,
which decreased significantly (p =0.002) to 11.6 after
8 weeks. Depressed participants had a mean decline of 10
(p<0.001), while manic participants had a borderline
significant increase of 3.8 (p = 0.051).

The mediation analysis showed that the expression
change of the sphingomyelin metabolism pathway was
significantly related with the percent change of the
HAMD score, and the total effect is —0.514 (95% CI =
[—0.943, —0.1], p = 0.01). A significant proportion of the
effect was through the mediator of mediodorsal thalamus,
which had an indirect effect of —0.321 (95% CI = [—0.660,
—0.038], p = 0.022).

While most other pathways also had significant total
effects on HAMD changes, none of them had both sig-
nificant total and indirect effects (Supplementary Table 2).
No significant results were found for the mediation ana-
lyses with YMRS scores.
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Table 3 Gene pathways and structure features with significant correlated changes after 8 weeks.
IPA gene pathway Structure feature Correlation FDR
Docosahexaenoic acid (DHA) signaling Frontal cortical thickness 0.624 0.033
GDNF family ligand-receptor interactions Gray matter fraction 0618 0.033
Global cortical thickness 0675 0.019
Frontal cortical thickness 0.703 0015
Habenula thalamus —063 0.033
Neuropathic pain signaling in dorsal horn neurons Global cortical thickness 0.649 0.028
Frontal cortical thickness 0.665 0.022
Habenula thalamus —0.583 0.047
Non-small cell lung cancer signaling Global cortical thickness 0.645 0.029
Frontal cortical thickness 0.692 0016
p53 signaling Gray matter fraction 0.602 0.038
Global cortical thickness 0.716 0.015
Frontal cortical thickness 0.733 0.015
Parietal cortical thickness 0.621 0.033
Role of NFAT in regulation of the immune response Ventricular volume —0.592 0.042
Global cortical thickness 0.743 0.015
Frontal cortical thickness 0.688 0016
Parietal cortical thickness 0.708 0015
Habenula thalamus —0.614 0.033
Role of pattern recognition receptors in recognition of bacteria and viruses Global cortical thickness 0612 0.033
Parietal cortical thickness 0.635 0.032
Sphingomyelin metabolism Mediodorsal thalamus 0.598 0.039
UVA-induced MAPK signaling Frontal cortical thickness 0619 0.033

Discussion

The present study, the first to concurrently investigate
brain structure and peripheral gene expression related
with lithium treatment, revealed significant effects on
both global and regional indices of brain structure. Cru-
cially, these changes were found to correlate with per-
ipheral expression pathways, and thus provide new
information regarding the possible mechanism of action
of lithium, in vivo, in the treatment of BD.

Lithium primarily led to increases in global GMF and
mean cortical thickness, along with volume increases in
frontal and parietal cortices. These findings are congruent
with results from previous studies, which have shown an
increase in global brain volume associated with lithium
treatment®**?*"*  In addition, increases in putamen, tha-
lamus, and hippocampus volume were found. These areas
are part of a putative mood regulation circuit, abnormalities
of which may be present in BD**"**, The only area which
showed a decrease in volume after lithium treatment was
the habenula. The habenula receives input via the stria

medullaris thalami and outputs to the many midbrain areas
involved in releasing neurotransmitters, such as dopamine,
norepinephrine, and serotonin®, It has been implicated in
depressive behaviors®’. The exact implication of lithium-
induced decrease in habenular volume is not clear at this
stage but could be related to inhibition of its function. We
found that structural changes correlated with nine gene
expression pathways, most of which have been implicated in
neurotrophic function or cell modeling. Changes in three
pathways were associated with volumetric changes in
multiple brain structures (Table 3). The glial-cell-derived
neurotrophic factor (GDNF) family receptor pathway
expression correlated with increase in GMF and decrease in
habenula volume. This pathway has been shown to promote
the survival of many types of neurons, particularly dopa-
minergic neurons*®, and has been investigated as a treat-
ment of Parkinson’s disease*”. Involvement of this protein-
related receptor pathway in the mechanism of action of
lithium is congruent with lithium’s purported neurotrophic
properties.
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The nuclear factor-activated T-cells (NFAT) immune
response pathway increased expression correlated with
increases in global, frontal, and parietal mean cortical
thickness. NFAT has found to be important for neuro-
plasticity in both the developing and the adult brain™.
NFAT has been reported to work with neurotrophic sig-
naling to regulate axon outgrowth in several neuronal
populations. The calcium-dependent calcineurin/NFAT-

signaling pathway is also important in neuronal growth and
axon guidance during vertebral development.

The p53-signaling pathway was also found to correlate
with increases in GMF and global, frontal, and parietal
mean cortical thickness. Signaling in this pathway has
been implicated in neuronal growth and has been inves-
tigated as a target to prevent neuronal degeneration®.
p53 signaling was initially recognized to be involved in
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tumor suppression but currently is thought to be involved
in all phases of cell development and growth.

Notably, we did not find significant changes in gene
expression of dopamine-signaling pathways (though there
was a trend for altered expression after 8 weeks of treatment
p=0.008 (uncorrected)), mitochondrial dysfunction/endo-
plasmic reticulum stress pathways, or AMPA receptor mar-
ker genes. In the future, larger studies are needed to
specifically interrogate these biochemical mechanism path-
ways implicated in lithium mechanism of action.

Finally, mediation analyses revealed that the sphingo-
myelin metabolism pathway expression change was sig-
nificantly correlated with percent change in HAM-D
scores and that this effect was mediated via increases in
mediodorsal thalamus volume. The mediodorsal thalamus
is a nucleus within thalamus that is part of the putative
mood circuit**™*°, It receives inputs from the ventral
striatum and outputs to the anterior cingulate cortex and
the amygdala. The sphingomyelin pathway has been
implicated in the pathophysiology of mood disorders. It
has been suggested that sphingomyelin deposition in the
hippocampus may be related to major depression and that
antidepressant action may involve sphingomyelin/cer-
amide metabolism®>”®, Thus, drugs targeting sphingo-
myelin metabolism may be useful in bipolar depression.

Limitations of the present study include the small
number of subjects studied. The sample size also limits
our ability to relate the findings to clinical response or
remission. However, this is the first longitudinal study of
its kind to collect both scan and gene expression data.
Larger sample size studies need to be conducted in the
future. A second limitation is that this study only provided
information regarding short-term lithium effects. Longer
duration effects (e.g., after 6-12 months) may provide
more insight into long-term mood stabilization effects of
lithium. This report focused only on structural volume
and cortical thickness. Other studies need to be con-
ducted to investigate molecular signatures of lithium
effects on the functional and structural connectome
implicated in the pathophysiology of BD. Finally, the
purpose of the study was to investigate effects of lithium
treatment in bipolar subjects. The study was not powered
to find differences in structure between BP and healthy
controls. We did not find any structure feature that was
significantly different at a corrected significance value
between BP patients and normal controls at baseline or
week 8. We also compared BP patients at week 8 with
normal controls at baseline, and the results also had no
significant differences. Futures studies will need to be
conducted with larger number of subjects to elucidate
whether baseline structural differences between BP sub-
jects and healthy controls exist and whether lithium leads
to normalization of these differences if any.
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Conclusion

The present study provides indirect evidence regarding
possible molecular pathways involved in lithium mechan-
ism of action. These included GDNF, NFAT, p53, and
sphingomyelin metabolism pathways, all of which are
involved in neurogenesis and are consistent with known
neurotrophic properties of lithium. In the future, these
molecular targets could be explored for the development of
therapeutic agents, which may have a similar effect as
lithium in the treatment of BD.

Acknowledgements
This project was funded by the NIMH to A.AA. (R0T MH075025-0352).

Author details

'Center for Behavioral Health, Cleveland Clinic, Cleveland, OH, USA.
’Department of Biomedical Engineering, Cleveland Clinic, Cleveland, OH, USA.
3Department of Psychiatry, University of Delaware, Cleveland, OH, USA. *Center
for Quantitative Health Sciences, Cleveland Clinic, Cleveland, OH, USA

Conflict of interest
This manuscript contains content that is the subject of a pending United States
Patent application 16/413,896. Authors report no other competing interests.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Supplementary Information accompanies this paper at (https://doi.org/
10.1038/541398-020-0784-z).

Received: 30 September 2019 Revised: 23 February 2020 Accepted: 9
March 2020
Published online: 06 April 2020

References

1. Maniji, H. K, Moore, G. J. & Chen, G. Lithium at 50: have the neuroprotective
effects of this unique cation been overlooked? [Reviewl. Biol. Psychiatry 46,
929-940 (1999).

2. Saares, J. C. & Gershon, S. The lithium ion: a foundation for psychopharma-
cological specificity. Neuropsychopharmacology 19, 167-182 (1998).

3. Price, L. H. & Heninger, G. R. Lithium in the treatment of mood disorders. N.
Engl. J. Med. 331, 591-598 (1994).

4. Goodwin, G. et al. Evidence-based guidelines for treating bipolar disorder:
revised third edition recommendations from the British Association for Psy-
chopharmacology. J. Psychopharmacol. 30, 495-553 (2016).

5. Dunner, D. L, Stallone, F. & Fieve, R. R. Lithium carbonate and affective dis-
orders. V: a double-blind study of prophylaxis of depression in bipolar illness.
Arch. Gen. Psychiatry 33, 117-120 (1976).

6. Cipriani, A, Hawton, K, Stockton, S. & Geddes J. R. Lithium in the prevention of
suicide in mood disorders: updated systematic review and meta-analysis. BMJ
346, 3646 (2013). https.//doi.org/10.1136/bm;j 3646

7. Manji, H. K & Lenox, R H. Lithium: a molecular transducer of mood-
stabilization in the treatment of bipolar disorder. [Review] [42 refs]. Neu-
ropsychopharmacology 19, 161-166 (1998).

8. Alda, M. Lithium in the treatment of bipolar disorder. pharmacology and
pharmacogenetics. Mol. Psychiatry 20, 661-670 (2015).

9. Lenox, R H. & Wang, L. Molecular basis of lithium action: integration of
lithium-responsive signaling and gene expression networks. Mol. Psychiatry 8,
135-144 (0000).

10.  Machado-Vieira, R, Manji, H. K & Zarate, C. A. Jr. The role of lithium in the
treatment of bipolar disorder: convergent evidence for neurotrophic effects as
a unifying hypothesis. Bipolar Disord. 11(Suppl. 2), 92-109 (2009).


https://doi.org/10.1038/s41398-020-0784-z
https://doi.org/10.1038/s41398-020-0784-z
https://doi.org/10.1136/bmj.f3646

Anand et al. Translational Psychiatry (2020)10:103

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32

Boer, U. et al. Chronic lithium salt treatment reduces CRE//CREB-directed gene
transcription and reverses its upregulation by chronic psychosocial stress in
transgenic reporter gene mice. Neuropsychopharmacology 33, 2407-2415
(2007).

Chen, G. et al. Regulation of signal transduction pathways and gene expres-
sion by mood stabilizers and antidepressants. Psychosom. Med. 61, 599-617
(1999).

Gladkevich, A, Kauffman, H. F. & Korf, J. Lymphocytes as a neural probe:
potential for studying psychiatric disorders. Prog. Neuro-Psychopharmacol. Biol.
Psychiatry 28, 559-576 (2004).

Gerring, Z. et al. Blood gene expression studies in migraine: potential and
caveats. Cephalalgia 36, 669-678 (2016).

Mele, M. et al. Human genomics. The human transcriptome across tissues and
individuals. Science (New York, NY) 348, 660-665 (2015).

Sullivan, P. F, Fan, C. & Perou, C. M. Evaluating the comparability of gene
expression in blood and brain. Am. J. Med. Genet. Part B 141B, 261-268 (2006).
Rollins, B, Martin, M. V,, Morgan, L. & Vawter, M. P. Analysis of whole genome
biomarker expression in blood and brain. Am. J. Med. Genet. Part B 153B,
919-936 (2010).

Le-Niculescu, H. et al. Identifying blood biomarkers for mood disorders using
convergent functional genomics. Mol. Psychiatry 14, 156-174 (2009).
Le-Niculescu, H. et al. Discovery and validation of blood biomarkers for sui-
cidality. Mol. Psychiatry 18, 1249-1264 (2013).

Lowthert, L. et al. Increased ratio of anti-apoptotic to pro-apoptotic Bcl2 gene-
family members in lithium-responders one month after treatment initiation.
Biol. Mood Anxiety Disord. 2, 15-15 (2012).

Beech, R. D. et al. Gene-expression differences in peripheral blood between
lithium responders and non-responders in the Lithium Treatment-Moderate
dose Use Study (LITMUS). Pharmacogenom. J. 14, 182-191 (2014).

Anand, A. et al. Effects of lithium monotherapy for bipolar disorder on gene
expression in peripheral lymphocytes. Mol. Neuropsychiatry 2, 115-123 (2016).
Kempton, M. J, Geddes, J. R, Ettinger, U, Williams, S. R. & Grasby, P. M. MEta-
analysis database, and meta-regression of 98 structural imaging studies in
bipolar disorder. Arch. Gen. Psychiatry 65, 1017-1032 (2008).

McDonald, C. et al. Meta-analysis of magnetic resonance imaging brain
morphometry studies in bipolar disorder. Biol. Psychiatry 56, 411-417 (2004).
Hallahan, B. et al. Structural magnetic resonance imaging in bipolar disorder:
an international collaborative mega-analysis of individual adult patient data.
Biol. Psychiatry 69, 326-335 (2011).

Moore, G. J, Bebchuk, J. M, Wilds, I. B, Chen, G. & Menji, H. K. Lithium-induced
increase in human brain grey matter. Lancet 356, 1241-1242 (2000).

Lyoo, I K et al. Lithium-induced gray matter volume increase as a neural
correlate of treatment response in bipolar disorder: a Longitudinal Brain
Imaging Study. Neuropsychopharmacology 35, 1743-1750 (2010).

Selek, S. et al. A longitudinal study of fronto-limbic brain structures in patients
with bipolar | disorder during lithium treatment. J. Affect. Disord. 150, 629-633
(2013).

McDonald, C. Brain structural effects of psychopharmacological treatment in
bipolar disorder. Curr. Neuropharmacol. 13, 445-457 (2015).

American Psychiatric Association. Diagnostic and Statistical Manual 4th edn—
Text Revision (DSM-IV-TR) (American Psychiatric Association, Washington, 2000).
Young, R. C, Biggs, J. T, Ziegler, V. E. & Meyer, D. A. A rating scale for mania:
reliability, validity and sensitivity. Br. J. Psychiatry 133, 429-435 (1978).

Busner, J. & Targum, S. D. The clinical global impressions scale: applying a
research tool in clinical practice. Psychiatry (Edgmont) 4, 28-37 (2007).

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

45.

46.

47.

48.

49.

50.

52.

53.

Page 10 of 10

Sled, J. G, Zijdenbos, A. P. & Evans, A. C. A nonparametric method for auto-
matic correction of intensity nonuniformity in MRI data. [EEE Trans. Med. Imag.
17, 87-97 (1998).

Mazziotta, J. C, Toga, A. W, Evans, A, Fox, P. & Lancaster, J. A probabilistic atlas
of the human brain: theory and rationale for its development: The Interna-
tional Consortium for Brain Mapping (ICBM). Neurolmage 2(2, Part A), 89-101
(1995).

Nakamura, K MRI Analysis to Detect Gray Matter Tissue Loss in Multiple
Sclerosis. Ph.D. thesis, Case Western Reserve University (2011).

Collins, D. L, Neelin, P, Peters, T. M. & Evans, A. C. Automatic 3D intersubject
registration of MR volumetric data in standardized Talairach space. J. Comput.
Assist. Tomogr. 18, 192-205 (1994).

Ashburner, J. & Ridgway, G. R. Symmetric diffeomorphic modeling of long-
itudinal structural MRI. Front. Neurosci. 6, 197 (2012).

Nakamura, K, Fox, R. & Fisher, E. CLADA: cortical longitudinal atrophy detection
algorithm. Neuroimage 54, 278-289 (2011).

Patenaude, B, Smith, S, Kennedy, D. & Jenkinson, M. Bayesian shape and
appearance models. University of Oxford (2007).

Nakamura, K. et al. Jacobian integration method increases the statistical power
to measure gray matter atrophy in multiple sclerosis. Neurolmage: Clin. 4,
10-17 (2014).

Tingley, D, Yamamoto, T, Hirose, K, Keele, L. & Imai, K. Mediation: R package
for causal mediation analysis. J. Stat. Softw. 59, (2014).

Anand, A, Li, Y, Wang, Y, Lowe, M. J. & Dzemidzic, M. Resting state cortico-
limbic connectivity abnormalities in unmedicated bipolar disorder and uni-
polar depression. Psychiatry Res.-Neuroimaging 171, 189-198 (2009).

Anand, A. et al. Activity and connectivity of mood regulating circuit in
depression: a functional magnetic resonance study. Biol. Psychiatry 15,
1079-1088 (2005).

Anand, A. & Shekhar, A. Brain imaging studies in mood and anxiety dis-
orders: special emphasis on the amygdala. Ann. N. Y. Acad. Sci. 985,
370-388 (2003).

Altinay, M. I, Hulvershorn, L. A, Karne, H,, Beall, E. B. & Anand, A. Differential
Resting-State Functional Connectivity of Striatal Subregions in Bipolar
Depression and Hypomania. Brain connect. 6, 255-265 (2016).

Hikosaka, O, Sesack, S. R, Lecourtier, L. & Shepard, P. D. Habenula: crossroad
between the basal ganglia and the limbic system. J. Neurosci. 28,
11825-11829 (2008).

Yang, Y. et al. Ketamine blocks bursting in the lateral habenula to rapidly
relieve depression. Nature 554, 317 (2018).

Oo, T. F,, Kholodilov, N. & Burke, R. E. Regulation of natural cell death
in dopaminergic neurons of the substantia nigra by striatal glial cell
line-derived neurotrophic factor in vivo. J. Neurosci. 23, 5141-5148
(2003).

Gill, S. S. et al. Direct brain infusion of glial cell line-derived neurotrophic factor
in Parkinson disease. Nat. Med. 9, 589-595 (2003).

Nguyen, T. & Di Giovanni, S. NFAT signaling in neural development and axon
growth. Int. J. Dev. Neurosci. 26, 141-145 (2008).

Quadrato, G. & Di Giovanni, S. Gatekeeper between quiescence and differ-
entiation: p53 in axonal outgrowth and neurogenesis. Int. Rev. Neurobiol. 105,
71-89 (2012).

Jernigan, P. L. et al. Sphingolipids in major depression. Neuro-Signals 23, 49-58
(2015).

Gulbins, E. et al. A central role for the acid sphingomyelinase/ceramide system
in neurogenesis and major depression. J. Neurochem. 134, 183-192 (2015).



	Integrative analysis of lithium treatment associated effects on brain structure and peripheral gene expression reveals novel molecular insights into mechanism of action
	Introduction
	Subjects and methods
	Participants
	Study design and lithium treatment
	RNA expression analysis
	MRI acquisition and imaging analysis
	Statistical analysis
	Lithium-induced structural change

	Gene expression change
	Integration of brain structural and gene expression changes


	Results
	Participant characteristics
	Lithium effects on brain structure features
	Lithium effects on gene expression
	Integration of brain structural and gene expression changes
	Mediated effects of gene pathways on HAMD changes

	Discussion
	Conclusion
	Acknowledgements




