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A B S T R A C T

Lithium has been used in modern psychiatry for more than 65 years, constituting a cornerstone for the

long-term treatment of bipolar disorder. A number of biological properties of lithium have been

discovered, including its hematological, antiviral and neuroprotective effects. In this article, a systematic

review of the effect of lithium on hematopoietic, mesenchymal and neural stem cells is presented. The

beneficial effects of lithium on the level of hematopoietic stem cells (HSC) and growth factors have been

reported since 1970s. Lithium improves homing of stem cells, the ability to form colonies and HSC self-

renewal. Lithium also exerts a favorable influence on the proliferation and maintenance of mesenchymal

stem cells (MSC). Studies on the effect of lithium on neurogenesis have indicated an increased

proliferation of progenitor cells in the dentate gyrus of the hippocampus and enhanced mitotic activity of

Schwann cells. This may be connected with the neuroprotective and neurotrophic effects of lithium,

reflected in an improvement in synaptic plasticity promoting cell survival and inhibiting apoptosis. In

clinical studies, lithium treatment increases cerebral gray matter, mainly in the frontal lobes,

hippocampus and amygdala. Recent findings also suggest that lithium may reduce the risk of dementia

and exert a beneficial effect in neurodegenerative diseases. The most important mediators and signaling

pathways of lithium action are the glycogen synthase kinase-3 and Wnt/b-catenin pathways. Recently,

to study of bipolar disorder pathogenesis and the mechanism of lithium action, the induced pluripotent

stem cells (iPSC) obtained from bipolar patients have been used.
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troduction

The introduction of lithium to modern psychiatric treatment
gan in 1949, when the Australian psychiatrist, John Cade,
scribed the therapeutic properties of this ion in manic patients
]. Over the past 65 years of lithium’s presence in psychiatry, its
ique properties, including the antiviral, immunomodulatory and
uroprotective effects, have been discovered. As early as the year

ter Cade’s paper, Radomski et al. [2] noted an increase in white
ood cells in patients treated with lithium, showing a distinct effect
 this ion on the hematopoietic system. In the 1970s and 1980s, the
st reports of the beneficial effects of lithium on hematopoietic
em cells (HSC) and hematopoietic growth factors appeared. In the
st two decades, with the development of stem cell knowledge, the

fects of lithium on mesenchymal stem cells (MSC) and neural stem
lls (NSC) have been demonstrated. In this paper, a systematic
view of the effect of lithium on hematopoietic, mesenchymal and
ural stem cells will be presented. The PubMed/MEDLINE and
chrane Library databases were searched through June 1, 2015,
ing the keywords ‘‘lithium’’ and ‘‘stem cells’’. The related articles
udying effects of lithium on hematological system and on
urogenesis were also included and discussed.
Stem cells (SC) are characterized by their unique ability of self-

newal and differentiation into progenitors and tissue-committed
ll populations from all three germ layers, mesoderm, ectoderm
d endoderm [3]. The developmental continuum comprises
tipotent, pluripotent, multipotent SC and cells committed to
e developmental lineage (unipotent). Multipotent stem cells

clude hematopoietic stem cells (HSC), mesenchymal stem cells
SC) and neural stem cells (NSC).
Hematopoiesis has four stages. It begins with bone marrow-

rived hematopietic stem cells (HSC). They produce CFU-blast
olony forming unit-blast), CFU-GEMM (colony forming unit-
anulocyte, erythrocyte, macrophage, megakaryocyte) generating
yeloid lineage and CFU-L (colony forming unit-lymphocyte) for
mphoid lineage. Subsequently, precursor cells committed for
anulocyte-macrophage lineage – CFU-GM (colony forming unit-
anulocyte, monocyte), CFU-G (colony forming unit-granulocyte),
U-M (colony forming unit-monocyte), CFU-Eo (colony forming
it-eosinophil), CFU-Baso (colony forming unit-basophil); for

ythroid lineage – BFU-E (burst forming unit-erythroid), CFU-E
olony forming unit-erythroid); for megakariocyte lineage – CFU-
eg (colony forming unit-megakariocyte) are formed. Finally,
orphologically differentiated cells: granulocytes, monocytes,
ythrocytes, platelets and lymphocytes develop, accompanied
ith overall effect of hematopoietic growth factors, i.e. CSF (colony
imulating factor) [4].

Neural stem cells can differentiate into neurons, astrocytes and
igodendrocytes. The classical scheme presents a development of

The neurogenesis in adult brain includes two main streams, which
involve neuroprogenitor cells and their neural precursors, in
subventricular zone, and cells in the subgranular layer of the
hippocampus. Some researchers propose a concept of neural stem
cells spectrum and the term ‘‘neural precursors’’ for neural stem
cells and neuroprogenitors, with underscoring the role of cellular
microenvironment for further differentiation [6].

The effect of lithium on hematopoietic stem cells and growth
factors

Since 1950 when the first paper was published on lithium-
induced leukocytosis in bipolar patients [2], this effect has been
continuously reported [7–9]. The observation of increased
production of some blood cells by lithium inspired studies into
its effect on the initial stages of hematopoiesis. It has been found
that lithium induces marrow granulopoiesis, influencing hemato-
poietic stem cells (HSC). Lithium influences stem cells (SC) directly,
by stimulating pluripotent stem cell (PSC) proliferation, and
indirectly, by increasing production of granulocyte colony-
stimulating factor (G-CSF) and other growth factors. Hammond
and Dale [10] demonstrated that administration of lithium to dogs
with cyclic neutropenia eliminated abnormalities in neutrophils,
as well as in platelets, reticulocytes and monocytes, indicating the
effect of lithium on the HSC level. Levitt and Quesenberry [11]
found that lithium primarily stimulates pluripotential stem cells
and the progenitor cells for granulocytes and monocytes (GMP).

In the 1980s, an effect of lithium on pluripotent cells and
myeloid, erythroid and megakariocyte progenitor cells was also
observed. In an animal model, increases in CFUs, bone marrow
cellularity and peripheral white blood cells (WBC) were demon-
strated [12]. Joyce found, in an animal model, that lithium
increases colony stimulating activity (CSA), together with neutro-
phil and platelet counts [13]. These effects were preceded by an
elevation in the marrow production of neutrophils and concentra-
tions of colony forming units for granulocyte and monocyte (CFU-
GM), megakaryocyte (CFU-M) and erythrocyte (BFU-E and CFU-E)
progenitor cells. Ballin et al. [14] investigated whether lithium
increased the number of CD34+ HSCs in eight adult patients with
bipolar disorder (BD). After 3–4 weeks, there was a peak in the
CD34+ cell number and neutrophil count by an average of 88%.
Moreover, a significant correlation between an increase in
neutrophils and the number of CD34+ cells has been demonstrated.
Huang et al. [15] have shown that glycogen synthase kinase-3
(GSK-3) inhibitors, including lithium, improve the homing process,
the ability to form colonies and HSC self-renewal, during
implantation into the donor organism. Walasek et al. [16] have
demonstrated that a combination of lithium and valproic acid
(VPA) has the strongest effect on the progenitor HSC, rather than
125
126
127
128
129
130
ural stem cells and neuroprogenitors, which differentiate into
mature and mature neurons as well as glioblasts which produce

trocytes and oligodendrocytes. In the new scheme, radial glia-
e cells develop from neuroepithelial stem cells through ventral
d dorsal stem cells, which under certain conditions can
oduce progenitor cells and further, neurons and astrocytes.
Please cite this article in press as: Ferensztajn-Rochowiak E, Rybako
neural stem cells. Pharmacol Rep (2015), http://dx.doi.org/10.1016
either of the compounds alone. A synergistic effect on the
enhancement of the self-renewal processes, the inhibition of
differentiation, shorter time of platelet and erythrocyte recovery,
and these impacts on the expression of 360 genes was observed.

The second important effect of lithium is to stimulate the
production of hematopoietic growth factors. In healthy persons
wski JK. The effect of lithium on hematopoietic, mesenchymal and
/j.pharep.2015.09.005
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lithium administration results in an increased release of G-CSF and
increased bone marrow neutrophil production in vitro [17]. Elevated
G-CSF levels in the urine [18] and enhanced production of G-CSF by
peripheral blood mononuclear cells (PBMCs) [19] were observed.
Gamba-Vitalo et al. [20] showed indirect effect of lithium on
megakariocytopoiesis by influencing Meg-CSF and a direct effect on
CFU-Meg. In the presence of lithium, enhanced sensitivity of
CFU-Meg to stimulation with growth factors, expressed as an
increase in a concentration of 200% was observed.

The effect of lithium on mesenchymal stem cells

In the last few years, a number of studies have been conducted on
the effect of lithium on mesenchymal stem cells (MSC). These cells
can differentiate into chondrocytes, osteoblasts or adipocytes.
Eslaminejad et al. [21] studied human MSCs cultures induced by
TGF-b (transforming growth factor-b) in order to differentiate
toward chondrocytes. The addition of glycogen synthase kinase-3
(GSK-3) inhibitors – lithium chloride (LiCl) in a concentration of
5 mmol/l, and the SB216763 molecule, caused an up-regulation of
specific cartilage genes expression and an increase in glycosamino-
glycan synthesis. However, Kapadia et al. [22] studying the influence
of LiCl, at a concentration of 15 mmol/l, on endochondral ossification
of rat embryonic cells noted an inhibition of cell differentiation into
the chondrocytes and osteoblasts of the perichondrium, expressed
by a decline in the expression of the cartilage proteoglycans. Similar
decreases were noted by Kawata et al. [23] after activation of the
Wnt/b-catenin pathway by SB216763 molecule in human chon-
drocytic cells, but without incubation with TGF-b. de Boer et al. [24]
found that low activity of the Wnt pathway causes a proliferation of
uncommitted human MSC. On the other hand, increased activation
of this pathway results in an inhibition of differentiation toward
adipocytes and the initiation of osteogenesis. These authors
conclude that lithium maintains the pluripotency of MSC, inhibits
expression of bone formation and of chondrogenesis markers, and
partially blocks the MSC mineralization processes [25].

Clément-Lacroix et al. [26], after 4 weeks of lithium therapy in
low density lipoprotein receptor related protein 5 (LRP5) gene
knockout mice with reduced bone mass, found restored bone
metabolism and normal bone mass. They proposed that lithium
could be an adjunctive drug for the treatment of osteopenic
disorders, by enhancing the Wnt/b-catenin signaling pathway and
differentiation into bone tissue. Chen et al. [27] reported that the
use of lithium resulted in the acceleration of fracture healing in
mice. This process was observed only when lithium was
administered at a later stage of repair, after MSC differentiation
into osteoblasts. Edwards et al. [28] observed that treatment with
lithium chloride results in the activation of differentiation into
osteoblasts and prevents the development of multiple myeloma in
an animal model. Epidemiological studies in humans have
demonstrated that lithium treatment is associated with a reduced
risk of fracture [29], which indicates the anabolic properties of
lithium within bone [30]. Zamani et al. [31] conducted a
densitometric study in 75 patients (mean age 37 � 10 years)
treated prophylactically with lithium for a minimum of one year,
resulting in greater bone density, compared with the control group.
The authors suggest that lithium therapy reduces bone turnover,
allowing maintenance of or increase in bone mass.

Satija et al. [32] reported the suppression of cell proliferation
and an increase in alkaline phosphatase activity of human MSC
during lithium therapy, as well as a decreased expression of genes
associated with adipocytes and lipid synthesis, and the up-
regulation of genes involved in mineralization. The authors suggest
that the lithium effect on the differentiation of MSC is dependent
on the concentration and duration of administration. Lithium
concentrations less than 5 mmol/l promote, while higher inhibit,
Please cite this article in press as: Ferensztajn-Rochowiak E, Rybakow
neural stem cells. Pharmacol Rep (2015), http://dx.doi.org/10.1016/
the proliferation of MSC. They conclude that lithium affects the
MSC directly and indirectly, at the transcription and posttran-
scriptional level, and genes which affect osteogenesis play a role in
the later stages of osteoblast differentiation.

Tsai et al. [33] showed an increased ability to migration and
homing of MSC during lithium, and/or VPA, therapy in an animal
model of stroke, which was reflected by functional improvement,
reduction of the ischemic area and enhancement of angiogenesis.
These effects were mediated by increased expression of the CXC
chemokine receptor 4 (CXCR4), and matrix metalloproteinase-9
(MMP-9) for VPA and lithium, respectively. The authors report that
both the interactions of stromal cell-derived factor 1 (SDF-1)/CXCR4
and MMP-9 are essential for the homing ability of stem cells.

The effect of lithium on neural stem cells

The effect of lithium on neurogenesis has been demonstrated
in many studies. In 1987, Yoshino and DeVries found enhanced
mitotic activity of Schwann cells after the addition of lithium
[34]. Kim et al. [35], in their in vitro and in vivo studies, found an
increased number of mature neuronal cells labeled with nuclear
protein NeuN (neuronal nuclei), indicating the intensity of the
processes of neuronal differentiation of progenitor cells after
lithium treatment. Son et al. [36], conducting injections of
bromodeoxyuridine (BrdU), demonstrated a significant 54% and
40% increase in the number of BrdU-positive cells in the rat
dentate gyrus, after 12 h and 28 days, respectively, after
completing chronic 28-day lithium treatment protocol. Chen
et al. [37] and Li et al. [38] described an enhanced proliferation of
progenitor cells in the hippocampus (BrdU-labeled). In the first
study [37], lithium administration resulted in a 25% increase in
the number of BrdU-labeled cells in the dentate gyrus of the
hippocampus and approximately two-thirds of the BrdU-posi-
tive cells were double-labeled with the neuronal marker NeuN.
The authors suggest that chronic lithium treatment increases
also the number of non-neuronal cells, including progenitor cells
and glia.

In an animal model of ischemic stroke, lithium administration
immediately, and for the next 7 days after a stroke, caused a
reduction in the loss of neural tissue by 69% in the 7th week of the
study. The authors suggest that lithium can provide long-term
protection from the consequences of stroke by enhancing the
proliferation and survival of neural progenitor cells, and inhibiting
inflammatory processes [38]. Kang et al. [39] showed that lithium
pretreatment reduces brain injury after intracerebral hemorrhage
in rats, as measured by diminished hemispheric swelling and
atrophy and reduced cell death. Huo et al. [40] assessed the effect
of lithium on survival and differentiation of hippocampal cells of
mice exposed to radiation. There was a 24% increase in the number
of BrdU-labeled cells six hours after irradiation and a 59% increase
in the 7th week of the study, indicating a long-term effect. Lithium
also reduced the apoptosis of progenitor cells in the granular layer
of the hippocampus. However, O’Leary et al. [41] observed that
chronic lithium treatment increases cell proliferation in the ventral
hippocampus only under stress conditions, and that this process is
associated with a reduction in the survival of newly born cells.

Recently, Kara et al. [42] investigated the effects of lithium on
neurogenesis in the subgranular zone of the dentate gyrus in adult
mice [42]. They studied various stages of the development of
progenitor cells (types I, IIa, IIb, and III), examining specific
markers such as Nestin, glial fibrillary acidic protein (GFAP),
doublecortin (DCX), and NeuN. They found that lithium treatment
increases cell proliferation in the early developmental stages (type
I), does not affect the neuroblasts (type IIb), nor the number of
immature neurons (type III), and reduces the process of
morphological maturation. The authors conclude that lithium
ski JK. The effect of lithium on hematopoietic, mesenchymal and
j.pharep.2015.09.005

http://dx.doi.org/10.1016/j.pharep.2015.09.005


259 ta
260 tu
261 no
262 ne
263 th
264 dr
265 

266 ex
267 Li
268 of
269 st
270 m
271 1.
272 ca
273 M
274 de
275 

276 on
277 di
278 of
279 ad
280 lit
281 an
282 hu
283 

284 ne
285 of
286 in
287 hi
288 Yu
289 hi
290 tr
291 la
292 co
293 et
294 th
295 ef
296 et
297 in
298 sig
299 co
300 Th
301 en
302 PF
303 tr
304 vo
305 re
306 lit
307 

308 pr
309 sy
310 (B
311 re
312 tid
313 (b
314 st
315 w
316 [5
317 lo
318 SY
319 th
320 di
321 pe
322 (T
323 im
324 ce

325
326
327
328
329
330
331
332
333
334
335
336
337
338
339
340
341
342
343
344
345

346

347
348
349
350
351
352
353
354
355
356
357
358
359
360
361
362
363
364
365
366
367
368
369
370
371
372
373
374
375
376
377
378
379
380
381
382
383
384
385
386
387

E. Ferensztajn-Rochowiak, J.K. Rybakowski / Pharmacological Reports xxx (2015) xxx–xxx4

G Model

PHAREP 405 1–7
rgets the initial stages of progenitor development by enhancing
rnover of neural progenitor cells. However, these processes are
t translated into an increase in the number of newly born
urons. The effect of lithium is similar to electroconvulsive-
erapy, targeting type I cells [43], but distinct from antidepressant
ugs which target type IIa cells [44].
Hill et al. [45] evaluated the effect of lithium and VPA on the

pression of genes related to the differentiation of nerve cells.
thium did not change the proportion of cells expressing markers

 stem cells, such as octamer-binding transcription factor (Oct4),
age-specific embryonic antigen 4 (SSEA4), neurons (neurofila-
ent M), astrocytes (GFAP) or cell cycle phases, but it produced a
4-fold increase in total cell number. On the other hand, VPA
used upregulation of markers such as Oct4, SSEA, neurofilament
, and GFAP, a decrease of cells in the G2/M cell cycle phase and a
crease in total cell number.
It should be emphasized that reports of the results of research

 neural stem cells may be dependent on methodological
fferences, the assessment of various markers, different results
 in vivo and in vitro studies and different regimes of lithium
ministration. For example, Hasgekar et al. [46] demonstrated
hium-induced growth inhibition of animal neural cell lineage
d Misiuta et al. [47] observed different effects of lithium on
man neuronal stem cells (NSC) and precursor cell lineage.
A favorable effect of lithium on neural stem cells and on

urogenesis may be connected with neuroprotective properties
 the lithium. On the clinical level, this may be reflected in an
crease in cerebral gray matter, mostly that of the frontal lobes,
ppocampus and amygdala in lithium-treated bipolar patients.
cel et al. [48] found bilateral increases in volume of the

ppocampus of bipolar patients over 8-weeks and 4-years of
eatment with lithium. Bearden et al. [49] found significantly
rger hippocampal volumes in lithium-treated bipolar patients
mpared with healthy controls and non-medicated patients. Lyoo

 al. [50] found a lithium-induced gray matter volume increase
rough 16 weeks of treatment, compared with an absence of
fect in patients treated with VPA or in healthy controls. Hallahan

 al. [51] analyzed 321 bipolar patients and 442 healthy
dividuals and found that patients taking lithium displayed
nificantly increased hippocampal and amygdala volumes
mpared to patients not taking lithium and a control group.
e longitudinal study of Selek et al. [52] indicated significant
largement in the left prefrontal cortex (PFC) and left dorsolateral
C in bipolar I patients who responded to 4-week lithium

eatment. Recently, Hajek et al. [53] found increased hippocampal
lume in bipolar patients receiving lithium, compared to patients
ceiving other mood-stabilizing drugs independent of a long-term
hium response.
The mechanisms whereby lithium increases synaptic plasticity,

omotes cell survival and inhibits apoptosis involve several
stems. These include the brain-derived neurotrophic factor
DNF), GSK-3, cyclic adenosine phosphatase (cAMP), cAMP
sponse element-binding protein (CREB), the phosphatidylinosi-
e (PI) cascade, protein kinase C (PKC) and B-cell lymphoma-2

cl-2) [54]. All of these factors are involved in the maintenance of
em cell viability. In lithium-treated bipolar patients, a correlation
as found between left amygdala volume and serum BDNF levels
5] and between increased gray matter volume of the right frontal
be and GSK-3b genotypes [56]. Allaqui et al. [57] involved SH-
5Y cells derived from a human neuroblastoma and cultured in
e presence of 0.5 mM lithium for 25 weeks, found that they
splayed higher cell growth rates and lower basal levels of lipid
roxidation measured as thiobarbituric acid reactive substances
BARS), and concluded that chronic lithium treatment could
prove neurogenesis and decrease the vulnerability of neuronal
lls to oxidative stress.
Please cite this article in press as: Ferensztajn-Rochowiak E, Rybako
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A number of recent clinical and experimental studies have
pointed to a beneficial effect of lithium in neurodegenerative
disorders. Lithium may reduce the risk of dementia [58,59] and
prevent cognitive loss in Alzeimer’s disease [60]. This may be due to
inhibition of GSK-3, a key enzyme related to amyloid precursor
protein processing and the phosphorylation of the tau protein. In an
animal model of Alzheimer’s disease, Sofola-Adesakin et al. [61]
described lithium-induced suppression of amyloid pathology by
reducing protein synthesis and the level of amyloid-b42. Senatorov
et al. [62] have shown a neuroprotective effect of lithium in an
animal model of Huntington disease, by stimulating the prolifera-
tion of neural progenitor cells and astroglial cells.

Recently, Dong et al. [63] studied the potential promotion of
lithium on MSC proliferation and neural differentiation in vitro and
after transplantation into the ventral horn of rat spinal cord in vivo.

They demonstrated lithium’s ability to promote proliferation of
MSCs, verified by increased BrdU incorporation. After transplanta-
tion of MSCs into the rat spinal cord, lithium treatment enhanced
cell survival and neural differentiation. They conclude that lithium
could be a potential drug to augment the therapeutic efficiency of
MSCs transplantation therapy in central nervous system disorders.

Molecular mechanisms of lithium action

The most important systems and signaling pathways mediating
the action of lithium on stem cells are glycogen synthase kinase 3
(GSK-3) and the Wnt/b-catenin pathway. Additional mechanisms
of lithium action involve the cAMP, protein kinase B, phosphati-
dylinositol 3-kinase (PI3 K) and inositol monophosphatase (IMP)
levels. The above mechanisms of action have already been
mentioned in the previous sections.

A key mechanism of lithium action is its ability to block
glycogen synthase kinase-3 (GSK-3), which has two isoforms, GSK-
3a and GSK-3b, encoded by different genes, but having 98%
homology. GSK-3 phosphorylates a number of proteins which, in
most cases, leads to their inactivation. Lithium, in a concentration
of 2 mmol/l, inhibits GSK-3 directly, while at concentration of
0.8 mmol/l it acts indirectly by leading to increased phosphory-
lation of GSK-3 through protein kinase B (PKB/Akt). Neutrophilia
due to inhibition of GSK-3 by lithium is triggered by a shift in the
balance of the basic processes of hematopoiesis. A reduction in
GSK-3 activity abolishes phosphorylation and thus enhances the
activity of the transcription factor HIF-1 (hypoxia-inducible factor-
1). Bone marrow trophic niches attract and retain HSC indirectly by
HIF-1, which stimulates transcription of stromal cell-derived
factor-1 (SDF-1) and its receptor CXCR4. The concentration
gradient of SDF-1 forms a signal for the HSC homing to the bone
marrow niche [64]. The effect of lithium on haematopoiesis takes
place through the interaction of GSK-3 and HIF-1, where the
inhibition of GSK-3 indirectly increases the gradient of SDF-1
toward the hypoxic bone marrow trophic niche, where the HSC can
evolve. Increased activity of bone marrow trophic niche and the
homing process are reflected as peripheral neutrophilia, throm-
bophilia and an increased number of CD34+ cells [65].

Huang et al. [66] suggest that GSK-3 may play a pivotal role in
the homeostasis of HSC in mice. Lithium, by blocking GSK-3, may
regulate key elements of this process, affecting a number of
important signaling pathways such as Wnt and PI3 K/phosphatase
and tensin homolog deleted (PTEN)/Akt [67,68]. Transplantation
studies in mice have shown that the administration of GSK-3
inhibitors increases the number of hematopoietic stem cells (HSC)
and haematopoietic progenitor cells (HPC) [67,69]. In addition,
impairment of GSK-3 (by inhibitors or a knock-out variant of the
gene) will enable embryonic stem cells to remain pluripotent [70]
and to express markers of pluripotency [71].
wski JK. The effect of lithium on hematopoietic, mesenchymal and
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The Wnt signaling pathway plays a central role in the self-
renewal of various stem cell populations. Researchers have found
that the knockout of GSK-3 gene increased the number of HSC,
similar to lithium or other GSK-3 inhibitors, and that the functional
endogenous b-catenin is necessary in this process. On the other
hand, longitudinal studies on stem cell functioning showed that
the number of HSC that lacked GSK-3 gradually decreased,
indicating the role of GSK-3 in maintaining HSC self-renewal
capacity. Huang et al. [66] suggest the dual role of GSK-3 in
homeostasis, ensuring a balance between self-renewal and
differentiation of HSC. A blockade of GSK-3 activates two different
signal pathways – mTOR (mammalian target of rapamycin) and
Wnt, causing opposite effects. A blockade of GSK-3, involving PI3 K,
PTEN and Tsc, activates the mTOR pathway and promotes
differentiation processes. On the other hand, inhibition of GSK-3
through the Wnt/b-catenin pathway, results in the activation of
genes involved in the proliferation and self-renewal of the
progenitor cells.

It is assumed that the Wnt/b signaling plays a central role in the
MSC activity, whereas inhibition of GSK-3 results in pathway
activation by stabilizing b-catenin. A potentially significant
association exists between lithium induced increased length of
primary cilia [72], and their effects on Wnt signaling, and enhanced
cell reactivity during chondrogenesis. Also, the Wnt/b-catenin
signaling pathway is essential for the MSC differentiation
processes in bone formation.

A significant effect of lithium on hematopoiesis may be exerted
through inositol monophosphatase (IMP), which indirectly con-
trols the signaling pathway of inositol triphosphate (IP3).
However, Wexler et al. [73] found that stimulation of progenitor
cell proliferation in the hippocampus is independent of IMP, but
dependent on both Wnt signaling and GSK-3 inhibition. GSK-3
inhibitors mimic the effect of lithium on the HSC and progenitor
cells, and a decrease in GSK-3a and GSK-3b activity also affects
more differentiated cells of the myeloid lineage [69,74,75]. It is
possible that a lithium induced increase in the number of HSC
through a b-catenin dependent pathway is compensated by
activation of the mTOR pathway and an increase in differentiation,
as reflected by rises in the number of mature blood cells, especially
those of myeloid lineage. In a later study, Huang et al. [15]
demonstrated that the most favorable factor for the long-term
survival of HSC is the use of lithium, together with inhibitors of the
mTOR pathway.

Modulation of granulopoiesis and megakaryocytopoiesis by
lithium may also be related to the transport of cations across the
cell membrane [76]. Intensification of these processes is observed
in the presence of sodium, but not of potassium or calcium
ionophores. The presence of ouabain – an inhibitor of Na-K ATPase,
causes irreversible inhibition of stem cell potentiation (CFU-GM).
Sodium transport inhibitors reduce the ability of lithium to
increase CFU-GM. Calcium active transport was also found to have
an inhibitory effect on lithium-induced granulopoiesis. Yoshino
and DeVries [34] found, in their in vitro studies, that the addition of
lithium increases the mitogenic activity of Schwann cells in the
presence of calcium channel blockers – nifedipine or manganese
cations (Mn2+).

Lithium also influences the activity of the hematopoietic system
by modulation of the immune system, including changes in the
concentrations and activity of some interleukins [77]. Kleinerman
et al. [78] report that one of the mechanisms of lithium action
causing granulocytosis may be an enhanced TNF-a production and
its secretion by monocytes. Gallicchio et al. [79] reported that the
increase in the production of granulocyte-macrophage colony-
stimulating factor (GM-CSF) by lithium can be achieved by
reducing the inhibitory effect of prostaglandins on GM-CSF.
Despite the administration of antibodies against factor CSF-1,
Please cite this article in press as: Ferensztajn-Rochowiak E, Rybakow
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Doukas et al. [80] observed lithium induced stimulation of
granulocyte progenitor cells, which suggests an additional indirect
mechanism of lithium action.

Pluripotent stem cells, bipolar disorder and lithium

Recently, the induced pluripotent stem cells (iPSC) obtained
from bipolar patients have been used to study the pathogenesis of
bipolar disorder and the mechanism of lithium action. iPSC have a
tri-lineage differentiation capacity similar to that of embryonic
stem cells (ESC) and can be obtained from somatic cells and the
reprogramming protocols involving vectors carrying genes of
pluripotency.

In their first research on cell lines derived from BD patients,
Chen et al. [81] obtained dermal fibroblasts from three BD patients
and three controls and transduced them into iPSC with retroviral
constructs and followed 8 weeks of neuronal differentiation. They
found that BD patient-derived neurons are characterized by
increased expression of transcripts for membrane bound receptors
and ion channels, particularly those involved in calcium signaling,
as well as in the expression of genes involved in the differentiation
of ventral regions and GABAergic interneuron differentiation,
significantly different from neurons obtained from controls.
Lithium pretreatment (with 1 mM of LiCl 24-h before testing)
altered signaling in BD neurons, significantly decreasing calcium
transient and wave amplitude, compared with control neurons.
The authors suggest that this effect of lithium may be due to
inducing the Wnt pathway.

In another report published by Wang et al. [82] a cell adhesion
phenotype of induced neuronal-like cells (iNLC), reprogrammed
from fibroblasts from 12 patients with BD using label-free live
optical imaging based on a nanostructured photonic crystal
biosensor, is presented. They found that changes in the peak
wavelength value (PWV), which is a measure of cell adhesion, were
associated with patient intrinsic lithium response, and not with
lithium exposure alone. Cells derived from patients referred as
lithium non-responders were defined as less adherent, compared
with cells from lithium responders. Cells from 6 control subjects
were found intermediate in adhesion measurement. The authors
conclude that pivotal molecular mechanisms involved in the cell-
adhesion feature, as measured by the PWV signal, are integrin-
CAM interactions.

The study by Madison et al. [83] applied a family-based
paradigm involving iPSC lines derived from fibroblasts of two
brothers with bipolar disorder, and their two healthy parents. iPSC,
upon direct differentiation to the neural lineage, revealed several
neurodevelopmental phenotypes and specific defects in gene
expression connected with neurogenesis and neuroplasticity,
including Wnt pathway components and ion channel subunits.
The authors observed that BD patients produce more peripheral
nervous system progenitors than central nervous system (CNS)
progenitors as measured by CXCR4 expression (a marker of CNS
progenitors). Subsequently, CXCR4+ neural progenitor cell (NPC)
proliferation deficits were rescued by GSK-3 inhibitor (CHIR-
99021) treatment, which increased the expression of the b-catenin
target genes and the activated Wnt pathway.

Viswanath et al. [84] carried out a systematic review of
85 articles on the application of cellular models in order to study
BD pathophysiology including lymphoblastoid cell lines, fibro-
blasts, olfactory neuronal epithelium and neurons reprogrammed
from iPSC. They found that the most frequently replicated findings
were disturbances in calcium signaling, the endoplasmic reticulum
(ER) stress response, the mitochondrial oxidative pathway,
membrane ion channels and the circadian system and apoptosis
related genes. These abnormalities were exacerbated by cellular
ski JK. The effect of lithium on hematopoietic, mesenchymal and
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ressors (e.g. oxidative stress) and were often reversed by in vitro

hium treatment.

ncluding remarks

Recently, a team of researchers from Szczecin, Poland,
esented a review of stem cell research in the context of its
owing impact on contemporary psychiatry [85]. In a separate
per, they described a rare population of early developmental
ry small embryonic-like stem cells (VSELs) in peripheral blood,
ggesting their role in remodeling of the brain in patients with
hizophrenia and identifying potential markers of the first
ychotic episode. They also found that neuroleptic treatment
es not affect the mobilization of VSELs [86] and that enhanced
getative nervous system tonus has no positive effect on HSC and
ogenitor cells mobilization in patients suffering from acute
ychotic syndromes [87].
The course and treatment of bipolar disorder has been

tensively studied in recent years [88]. The use of lithium, the
ique drug for this condition, is a cornerstone for the long-term

eatment of BD [89]. In the twenty-first century lithium also found
 full place in stem cell research. In the 1970s and 1980s the

fects of lithium on haematopoietic stem cells began to be studied
d these have now been complemented by studies on neural and
esenchymal stem cells. The results obtained so far provide
teresting clues as to the mechanism of action of this ion and also
 the pathogenesis of BD. It is possible that future research may
so contribute to a potential use of stem cells in the treatment of
uropsychiatric conditions.
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