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Abstract Bipolar disorder (BD) is a chronic psychiatric ill-
ness with an unknown etiology. Lithium is considered the
cornerstone in the management of BD, though about 50—
60 % of patients do not respond sufficiently to chronic treat-
ment. Insulin-like growth factor 1 (/GF'1) has been identified
as a candidate gene for BD susceptibility, and its low expres-
sion has been suggested as a putative biomarker for lithium
unresponsiveness. In this study, we examined the in vitro ef-
fects of insulin-like growth factor 1 (IGF-1) on lithium sensi-
tivity in lymphoblastoid cell lines (LCLs) from lithium re-
sponder (R) and non-responder (NR) bipolar patients.
Moreover, we evaluated levels of microRNA let-7¢c, a small
RNA predicted to target IGF1. We found that exogenous IGF-
1 added to serum-free media increased lithium sensitivity

Electronic supplementary material The online version of this article
(doi:10.1007/s12031-015-0523-8) contains supplementary material,
which is available to authorized users.

E. Milanesi (><)) * A. Hadar + H. Werner - D. Gurwitz (<)
Department of Human Molecular Genetics and Biochemistry,
Sackler Faculty of Medicine, Tel Aviv University, Tel Aviv 69978,
Israel

e-mail: elena.k.milanesi@gmail.com

e-mail: gurwitz@post.tau.ac.il

E. Milanesi * N. Shomron
Department of Cell and Developmental Biology, Sackler Faculty of
Medicine, Tel Aviv University, Tel Aviv 69978, Israel

E. Maffioletti -+ M. Gennarelli
Genetic Unit, IRCCS Istituto Centro San Giovanni di Dio
Fatebenefratelli, Brescia, Italy

N. Shomron - D. Gurwitz
Sagol School of Neuroscience, Tel Aviv University, Tel Aviv 69978,
Israel

selectively in LCLs from NR BD patients. However, no sig-
nificant differences were observed when comparing let-7¢ ex-
pression in LCLs from R vs. NR BD patients. Our data sup-
port a key role for IGF-1 in lithium resistance/response in the
treatment of bipolar disorder.
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R Responders

NR Non-responders

IGFIR IGF-1 receptor

IR Insulin receptor

LRP1 Receptor-related protein 1

IGFBP2  Insulin-like growth factor binding protein 2
miRNAs  MicroRNAs

IGFBP1  Insulin-like growth factor binding protein 1
IGFBP3  Insulin-like growth factor binding protein 3
qRT-PCR  Quantitative real-time-PCR

Introduction

Bipolar disorder (BD) is a severe and debilitating illness that is
among the leading contributors to morbidity and lost produc-
tivity in developed countries, with a prevalence of 0.8—1.2 %
in the general population (Merikangas et al. 2007). Despite
consistent evidence from genetic studies supporting a role of
specific genes in BD etiology, the molecular bases of this
disorder remain to be elucidated. Lithium salts are a well-
established treatment in the management of BD; however,
about 50-60 % of patients do not respond sufficiently and
require a change to another mood stabilizing drug such as
valproate or carbamazepine (Yildiz et al. 2011). Therefore,
the neurobiological mechanisms underlying variation in ther-
apeutic response to lithium remain a topic requiring urgent
further investigation.

A number of studies have suggested a potential role of
insulin-like growth factor 1 (IGF-1, also called somatomedin
C) in bipolar disorder and lithium response. IGF-1 is a mem-
ber of a family of hormones involved in growth and develop-
ment. The protein consists of a single chain, 70 amino acids
peptide, similar to insulin in structure and function. IGF-1
binds with high affinity to the IGF-1 receptor (IGF-1R) and
the hybrid receptors IGF-1R/insulin receptor (IR-A) and IGF-
1R/IR-B, whereas it binds with low affinity to IR-A, IR-B, and
hybrid receptors IR-A/IR-B (Sciacca et al. 2012). The IGFs
may affect brain function by either local tissue expression or
by peripheral circulating peptides crossing the blood—brain
barrier. Brain uptake of circulating IGFs involves the IGF-
IR receptor (encoded by /GF'IR) and the low-density lipopro-
tein receptor-related protein 1 (LRP1). Thus, peripheral IGFs
can reach the cerebrospinal fluid as well as the hypothalamus
and hippocampus, playing a role in regulation of brain func-
tion (Werner and Leroith 2014).

IGF'I has been identified as a candidate gene for suscepti-
bility to BD (Pereira et al. 2011). In addition, studies have
reported that peripheral IGF-1 mediates neurotrophic and an-
tidepressant effects (Aberg et al. 2000), whereas this effect
was inhibited by anti-IGF-I antiserum in a mice
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neurodegeneration model (Carro et al. 2001). In addition, de-
creased expression of /GFBP2, the major IGF-1 binding pro-
tein in the brain, was found in postmortem prefrontal cortex
tissues of bipolar disorder patients compared with matched
controls (Bezchlibnyk et al. 2007).

In a recent study comparing genome-wide mRNA expres-
sion profiles of lymphoblastoid cell lines (LCLs) from 10
lithium responder (R) and 10 lithium non-responder (NR)
BD patients, we reported that /GF'1 was significantly over-
expressed (fold difference=2.21; p=0.005) in LCLs from lith-
ium responder BD patients compared to non-responder pa-
tients (Squassina et al. 2013). In addition, recent studies
showed that serum IGF-1 levels were elevated in BD patients
(Palomino et al. 2013) (Liu et al. 2014). These studies suggest
that /GF'] expression may serve as biomarker for lithium re-
sponsiveness in BD patients, and that IGF-1 may be implicat-
ed in lithium’s therapeutic efficacy via a yet unknown mech-
anism (Kim et al. 2013).

MicroRNAs (miRNAs) are short (20-24 nt) non-coding
RNAs that are involved in post-transcriptional regulation of
gene expression in multicellular organisms by affecting both
the stability and translation of mRNAs (Ambros 2004).
MiRNAs affect cellular functions, among these developmen-
tal processes (Hornstein and Shomron 2006) and drug re-
sponse (Rukov and Shomron 2011). Alterations in miRNA
expression have been observed in neuropsychiatric condi-
tions, including BD (Maffioletti et al. 2014).

Interestingly, animal studies have shown that chronic
lithium treatment reduced let-7c expression in the rat hip-
pocampus (Zhou et al. 2009) and IGF-1-treated human
breast adenocarcinoma cells (MCF-7) also showed de-
creased let-7c expression (Martin et al. 2012). These stud-
ies suggest that IGF-1 may be implicated in lithium re-
sponsiveness and that lithium and IGF-1 may converge
via reducing let-7c expression.

Let-7, the first known human miRNA, and its family mem-
bers are highly conserved across animal species (Roush and
Slack 2008) and are upregulated during mouse brain develop-
ment (Wulczyn et al. 2007). Interestingly, myMIR, a bioinfor-
matic tool that collects the results of the most widely used
miRNA target predictions algorithms (miRanda, TargetScan,
RNA-hybrid, PicTar 4-way, DIANA-microT, and PITA) and
ranks them through a novel consensus strategy (Corrada et al.
2011), identifies /GF1, IGFBPI, IGFBP2, and IGFBP3 as
predicted targets of let-7c.

Therefore, to further investigate the involvement of
IGF-1 and let-7c in lithium response in BD, we explored
the role of IGF-1 in modulating in vitro lithium sensitivity
in the cohort of lymphoblastoid cell lines from responder
and non-responder BD patients used in our genome-wide
expression study (Squassina et al. 2013), and measured
let-7c expression in correlation with IGF-1 mRNA levels
in the same cohort.
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Materials and Methods
Patients and Cell Cultures

For the study on the effects of IGF-1 on lithium sensitivity, we
used LCLs of 17 female patients with a diagnosis of BD type |
(BDI), arbitrarily selected from an existing collection recruited
at the Lithium Clinic of the Clinical Psychopharmacology
Centre of the University Hospital of Cagliari, Italy. Of the
17 patients included in this study, eight were lithium re-
sponders (R) and nine were non-responders (NR), based on
the Retrospective Criteria of Long-Term Treatment Response
in Research Subjects with Bipolar Disorder’ scale (Grof et al.
2002).

Expression of let-7c was measured in the same LCLs as
in Squassina et al. (2013), in order to be able to test the
correlation between levels of /GF1 mRNA and let-7c.
Samples included LCLs from ten bipolar subjects R to
lithium and ten bipolar NR. Methods to establish these cell
lines were described elsewhere (Squassina et al. 2013). At
the time of enrollment, all participants signed written in-
formed consent. The research protocol followed the princi-
ples of the Declaration of Helsinki and was approved by
the local Ethics Committees.

Cell Proliferation Assays

Growth inhibition of LCLs was examined by exposure to
10 mM lithium (chloride salt) for 3 days in RPMI-1640 me-
dium supplemented with either 10 % fetal bovine serum
(FBS), 2 % FBS, or 4 % of albumin-free serum replacement
(Biogro-2, Biological Industries, Beth-Haemek, Israel;
(Orengo et al. 2014). Testing lithium in a range of 1-15 mM
in standard growing conditions (RPMI-1640 with 10 % FBS)
revealed that the ICs, of lithium-mediated growth inhibition
was 10 mM (Fig. 1a). A concentration of 10 mM lithium and
an exposure period of 3 days were chosen for the phenotypic
comparisons, as this concentration is close to the ICs, where

assay accuracy is highest, and 3 days exposure allows accurate
measurements of effects on cell growth (Morag et al. 2010;
Oved et al. 2013). Growth inhibition of LCLs was also exam-
ined by exposure to paroxetine (an antidepressant drug) for
3 days in RPMI-1640 medium supplemented with either 10 %
FBS or 4 % of Biogro-2. The 10 uM paroxetine concentration
was chosen according to Morag et al. (2011).

Cells under optimal growth conditions were counted with a
microscope slide, diluted to a concentration of 250,000 cells/
ml and incubated in 96-well plates (Costar ®, Sigma-Aldrich)
in a volume of 100 ul for 3 days, with lithium added in a
volume of 10 ul phosphate-buffered saline (PBS) in three
replicate wells, and six replicates for the controls (10 pl
PBS). In the other three replicate wells, 200 ng/ml IGF-1
(PeproTech Ltd, Rocky Hill, NJ, USA) was added in combi-
nation with 10 mM lithium in serum-free (4 % Biogro-2)
medium. The edges of the plates were not used for experi-
ments and contained RPMI-1640 medium without cells for
ensuring appropriate humidity. On the third day, activated
XTT reagent (Biological Industries, Israel; Catalog number:
20-30-1000A; volume of 50 ul) was added to each well (in-
cluding blank wells containing RPMI-1640 medium alone).
Following 6 h of further incubation, absorption was measured
using an ELISA reader (Bio-Rad microplate reader model
680; Bio-Rad Laboratories, CA, USA) at a wavelength of
450 nm and a reference absorbance of 655 nm. As previously
demonstrated, color generation by the XTT method is a reli-
able reflection of cell numbers compared with direct cell
counting (Morag et al. 2010).

Quantitative Real-Time PCR

Let-7 reverse transcription was carried out using Applied
BiosystemsTagMan® microRNA assays. Individual
TagMan® MicroRNA Assays were performed with TagMan
Universal Master Mix no UNG, using hsa-let-7¢ (000379)
assay and U6 snRNA (001973) as endogenous control.
Quantitative real-time PCRs (qQRT-PCRs) were performed

b

(Y]

N
S

70
60
50
40
30
20
10

0

o o
s 3

w
]
Growth inhibition (%)

Growth inhibition (%)
I
5]

o
o © o

1mM 2mMm 5mM 7mMm 10mm 12mM 15 mM

2% FBS

Lithium concentration 10% FBS

4% Biogro-2 2% FBS 10% FBS

Fig. 1 a Growth inhibition by various lithium concentrations in an
individual LCL (72 h in vitro exposure, see “Materials and Methods”).
Lithium’s ICsq values were 10, 12, and >15 mM in media containing 10 %
FBS, 2 % FBS, or 4 % serum-free Biogro-2 supplement, respectively. b

4% Biogro-2

10 mM lithium

746 R 812R 1558 R 1592 R 255 NR 705 NR 1567 NR 1673 NR
20 24 31 20 24 25 28 22
21 32 33 27 25 39 33 26
35 55 43 36 36 40 34 39

4% Biogro-2 2% FBS 10% FBS

Growth inhibition induced by 10 mM lithium (72 h) in 4 % Biogro-2, 2 %
FBS, and 10 % FBS media in a representative sample of eight LCLs. More
than four independent experiments were conducted on these representative
samples. Bars indicate the average+SD of three replicates
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according to the manufacturer’s instructions with all samples
run in duplicates. Replicates were omitted if threshold cycle
(C,) standard deviation was greater than 1. Fold differences
were obtained by using the formula 244",

Quantification of IGF-1 in Conditioned Medium

IGF-1 levels were measured by an ELISA method using the
human IGF-1 Kit (R&D System, MN, USA), according to the
manufacturer’s instructions. LCLs proliferated well for
14 days in serum-free RPMI medium supplemented with
4 % Biogro-2. Samples of the conditioned media (after remov-
al of cells by centrifugation) were concentrated up to 18-fold
by Vivaspin 2 ultrafiltration tubes with 5 kDa cutoff
(Sartorious Stedim Biotech, Goettingen, Germany) according
to the manufacturer’s protocol. All IGF-1 measurements were
performed in duplicate.

Results

Lithium Sensitivity in LCLs from Responders
and Non-responders

The growth inhibition induced by lithium (in the range of 1—
15 mM; 72 h) was tested under three different experimental
conditions (RPMI-1640 media containing 10 % FBS, 2 %
FBS, or serum-free medium supplemented with 4 % Biogro-
2) (Fig. 1a, b). No differences in lithium sensitivity between
LCLs responder (R) and non-responder (NR) patients were
observed in either of these media (p=0.41, p=0.66, p=
0.42, respectively. Fig. 2). However, in both R and NR
LCLs, we observed a significantly higher lithium sensitiv-
ity in media containing 10 % FBS compared with serum-
free media. Intermediate lithium sensitivity levels were ob-
served in media containing 2 % FBS (Figs. 1b and 2). To
test the hypothesis that proteins contained in FBS interact
with cell proteins involved in lithium’s pathway, we

Fig. 2 Lack of difference in
lithium sensitivity between
responder and non-responder
LCLs in three different media
conditions. Bars indicate the av-
erage=SD of the percentage of
growth inhibition induced by

10 mM lithium (72 h) in 4 %
Biogro-2,2 % FBS, and 10 %
FBS media
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compared the sensitivity of LCLs to 10 uM paroxetine
in the same media compositions. We observed an opposite
effect: sensitivity was higher in serum-free medium com-
pared with 10 % FBS (20.7 and 46.1 % in serum-free
and serum-containing media, respectively; p=1.9 E-8)
(Supplementary Fig S1).

Effect of IGF-1 on Lithium Sensitivity

IGF-1 is present in FBS at an estimated concentration of
30 pg/L (Honegger and Humbler 1986) but not in serum-
free supplements. We therefore compared lithium sensitivity
(10 mM, 72 h) of LCLs from R and NR patients in the pres-
ence or absence of IGF-1 (200 ng/ml, equal to 0.026 uM) in
serum-free medium (containing 4 % Biogro-2) (Fig. 3a).
Human serum has been reported to contain high concentration
of IGF-1, and the estimated normal range in adults is
~200 ng/ml (Singh and Armstrong 1997).

Collectively, when using serum-free conditions, exogenous
IGF-1 enhanced lithium sensitivity in NR (p=0.01; Fig. 3b) but
not in R LCLs (p=0.5). As expected, no effects of exogenous
IGF-1 were observed when LCLs were exposed to lithium in
FBS-containing media. To quantify the effect of IGF-1, Delta
values were calculated for each cell line (Delta 1=effect of 10 %
FBS on Li sensitivity; Delta 2=effect of IGF1 on Li sensitivity
(72 h) measured in the absence of FBS) (Deltal=%GI in 10 %
FBS- %GI in 4 % Biogro-2; Delta2=%GI in 4 % Biogro-2+
IGF1- %GI in 4 % Biogro-2). We found that the addition of
exogenous IGF-1 to serum-free medium affected the lithium-
mediated growth inhibition to a larger degree in LCLs from NR
compared to R BD patients (p=0.009) (Fig. 4a). In contrast, no
difference in lithium-mediated growth inhibition for NR and R
LCLs was observed upon addition of 10 % FBS to culture
media (p=0.1) (Supplementary Fig. S2). Moreover, in the pres-
ence of IGF-1, NR LCLs exhibited higher lithium sensitivity
compared with R LCLs (p=0.034; Fig. 4b). No such differ-
ences were observed in the absence of IGF-1 in either serum-
containing or serum-free media.

10 mM lithium

L

4% Biogro-2

2% FBS 10% FBS

R (n=8) NR (n=9)
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Fig. 3 a Growth inhibition (%) induced by 10 mM lithium and 10 mM
lithium+200 ng/ml IGF-1 in medium containing 4 % Biogro-2 in LCLs
from R and NR BD patients. Bars indicate the average+SD of the

In a recent genome-wide expression study, we reported
higher /GF expression levels in LCLs from lithium responder
BD patients compared with non-responders (Squassina et al.
2013). As the previous study included LCLs from 10 BD re-
sponders and non-responders each, while the current study
compared LCLs from 8 responders and 9 non-responders, the
IGFI expression levels from the current cohort are presented in
Fig. S3. As shown, IGFI expression levels were higher (1.4-
fold, p=0.008 Z=-2.64) in the lithium responder LCLs.

MiRNA let-7¢ Levels and /GF1 mRNA Levels Correlation

We observed a trend for higher let-7c expression in LCLs from
NR compared to R BD patients (FC=1.6). However, the dif-
ference did not reach the significance threshold (p=0.1)

percentage of growth inhibition of three replicates. b Average of growth
inhibition in NR induced by 10 mM lithium and 10 mM lithium+IGF1
200 ng/ml. Bars indicate the average+SD of the growth inhibition (%)

(Fig. S4). Lithium treatment did not affect let-7c expression
in any LCL group (HC FC=1.03 p=0.2; R FC=1.15 p=0.88;
and NR FC=1.06 p=0.8). Moreover, we observed a trend
toward negative correlation between let-7c¢ and IGF-1
mRNA levels (Pearson, »=—0.3682, p=0.054). There was
no difference in this correlation between R and NR.

IGF-1 Levels in Conditioned Media

We could not detect IGF-1 in medium conditioned by the BD
LCLs from either R or NR BD patients. When assayed by a
commercial human IGF-1 ELISA kit (see “Materials and
Methods™), even 18-fold concentrated conditioned medium
samples gave OD readings below the lowest standard of
94 pg/ml. We can therefore conclude that IGF-1 levels in

a Effect of 200 ng/ml IGF-1 on growth inhibition induced by 10 mM lithium
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Fig.4 a Effect of IGF-1 on lithium sensitivity in serum-free media: bars
indicate the average+SD of Delta 2 in R and NR BD patients. b Bars
indicate the average+SD of growth inhibition percent induced by 10 mM

lithium+200 ng IGF-1 in serum-free medium containing 4 % Biogro-2 in
LCLs from R and NR BD patients
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media conditioned by LCLs using our experimental condi-
tions are probably below 5 pg/ml.

Discussion

Several studies have implicated /GFI and its encoded protein
in the biology of BD (Palomino et al. 2013; Kim et al. 2013;
Liu et al. 2014), in antidepressant response (Aberg et al. 2000)
and lithium response (Squassina et al. 2013). In this study, we
aimed to further investigate the role of IGF-1 in lithium re-
sponse in BD patients. To this aim, LCLs from lithium R and
NR BD patients were exposed to 10 mM lithium for 3 days
under three different media conditions (containing different
amounts of insulin and /GF'I) and the in vitro lithium sensi-
tivity was evaluated by measuring its effect on LCLs growth.
The estimated amount of insulin in different media conditions
were 0.68 uM in 4 % Biogro-2, 1.3 uM in 2 % FBS; and
6.9 uM in 10 % FBS. We did not find differences in lithium
sensitivity between R and NR LCLs in either of these media;
however, we observed a significantly higher lithium sensitiv-
ity in media containing 10 % FBS compared with serum-free
media, whereas intermediate sensitivity levels were observed
in media with 2 % FBS (Figs. 1 and 2). To test the hypothesis
that component(s) present in FBS interact with lithium’s cel-
lular pathway, thereby affecting its growth inhibition capacity,
we compared the sensitivity of LCLs to 10 M paroxetine (an
antidepressant drug) in the same media compositions and ob-
served an opposite effect (Fig. S1). The latter finding is not
surprising, as cells are expected to show higher growth inhi-
bition sensitivity for tested drugs in the absence of the growth-
promoting protein and lipid hormones present in FBS.
Moreover, many hydrophobic drugs bind to serum albumin
so that their free concentrations are reduced in FBS-containing
media. Thus, the lower sensitivity of LCLs to lithium in
serum-free conditions was surprising. Due to the suggested
involvement of IGF-1 in BD pathophysiology, and consider-
ing that IGF-1 is present in FBS but not in serum-free media
supplements, we tested the in vitro effect of 200 ng/ml IGF-1
on lithium sensitivity of LCLs from R and NR BD patients.
We observed that when added to serum-free medium, IGF-1
significantly enhanced lithium sensitivity in NR but not in R
BD LCLs. This effect, as expected, was not observed in FBS-
containing medium.

Using hypothesis-free genome-wide expression microarray
experiments, Squassina and collaborators (Squassina et al.
2013) showed that /GFI mRNA levels were on average
2.21-fold lower in LCLs from lithium NR BD patients com-
pared to R patients. Together with the results presented in the
current study, it seems that the in vitro addition of exogenous
IGF-1 affects lithium sensitivity only in LCLs from NR BD
patients that express less /GF'1. We assume that in LCLs from
R patients endogenous IGF-1 levels are constitutively optimal,
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therefore masking the effect of exogenously added IGF-1.
Thus, our findings support a role for IGF-1 in lithium
resistance/response in the treatment of BD, and possibly, in
the therapeutic pathway of lithium as a mood-stabilizer drug.

Of note, IGF-1 is a key player in cancer, including breast
and endometrial cancers (Sarkissyan et al. 2014; Werner and
Leroith 2014), as it acts as a mitogen to augment tumorigen-
esis through the regulation of MAPK and AKT signaling path-
ways. Of interest, both of these pathways are inhibited by
lithium. Specific miRNAs regulating IGF-1 signaling in the
estrogen receptor positive MCF-7 breast cancer cell line have
been identified, and it was demonstrated that IGF-1 decreased
let-7¢ expression (Martin et al. 2012). To test if the lower
endogenous levels of /IGFI mRNA expression observed by
Squassina et al. (2013) in LCLs from R BD patients were
correlated with higher let-7c levels, we measured miRNA
let-7¢ expression and observed a trend of higher let-7¢ expres-
sion in LCLs from NR BD patients (FC=1.6; p=0.1;
Supplementary Fig. S4). Moreover, our data showed a trend
for an inverse correlation between let-7c and IGF-1 expres-
sion, though there was no difference between R and NR.
Lithium appeared not to influence expression of let-7¢ in
any of the tested groups.

The study is based on a small cohort of LCLs from 17 BD
patients (8 lithium responders and 9 non-responders). Our
findings thus need to be reproduced by a larger replication
cohort. Yet, it should be noted that all cell lines are from
female BD patients with identical ethnicity (Sardinian) and
recruited and diagnosed by the same clinic (see “Materials
and Methods”). Moreover, the lithium response used for the
current study was evaluated with the Alda scale (Manchia
et al. 2013), a standardized and validated tool that we also
used in a previous study reporting potential SNP markers for
lithium response (Squassina et al. 2011).

In conclusion, we demonstrate that exogenous IGF-1
added to serum-free media increases lithium sensitivity
selectively in LCLs from NR BD patients, supporting a
key role of IGF-1 in lithium resistance/response in the
treatment of bipolar disorder. Further studies in indepen-
dent samples and using further molecular tools are war-
ranted to confirm the role of IGF-1 in lithium’s thera-
peutic action.
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