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Effects of lithium on neural stem cell proliferation in vitro 

Sara Lillý Þorsteinsdóttir1 Giulia Zanni2 Klas Blomgren2 
1Faculty of Medicine, School of Health Science, University of Iceland 

 2Center for Brain Repair and Rehabilitation, Sahlgrenska Academy, University of Gothenburg 
 

Background: Lithium is the most potent mood stabilizer, mainly used in the treatment of 

bipolar disorder (BD) since 1949. Lithium has shown neuroprotective and neurogenic effects 

in animal models of ischemia and irradiation. For these reasons, lithium is being suggested as 

a suitable candidate in the prevention and treatment of cranial irradiation-induced damage. 

Lithium is believed to affect simultaneously several signaling pathways by triggering the 

inositol monophosphates and as a secondary response modulating the canonical Wnt pathway. 

Despite extensive knowledge on lithium, the mechanisms of action have not been fully 

elucidated. Here we tried to characterize in our in vitro neurosphere assay how lithium affects 

the cell cycle and the proliferation of young murine primary neural stem cells. We analyzed 

the effect of different doses of lithium on the neural stem cell cycle by using fluorescence-

activated cell sorting (FACS). 

Materials and methods: Hippocampi were collected from postnatal day 4-7 C57BL/6 mice. 

The neural stem cells (NSCs) were isolated and maintained in a proliferating state and when 

the neurospheres reached the inhibiting growth density they were passaged. After the 4th 

passage lithium chloride (LiCl) was added to the cell media at concentrations of 1 mM and 3 

mM. Cell cycle analysis was performed after 48, 72 and 96 hours. Propidium iodide (PI) was 

used as a DNA marker for the cell cycle and added one hour prior to the FACS analysis. 

Results: Our results showed a significant reduction of the debris level in the cell cultures 

treated with LiCl compared to the control condition both at 48 and 72 hours. In addition, the 

percentage of cells entering the S-phase was significantly higher in the LiCl-treated groups 

after 48 hours but not at the 72 or 96 hour time point. As expected, LiCl-treated groups 

showed fewer cells in the G1 phase compared to the control. 

Discussion: Our results indicate that 1 mM LiCl is sufficient to immediately boost neural 

stem cell proliferation in culture since a difference in the response can be detected after just 

48 hours. We believe that lithium prevents NSCs from differentiating and prevents 

programmed cell death while still maintaining their proliferative capacity. Since 1 mM LiCl is 

within the therapeutic range, the study proved to be of relevance for further clinical 

applications. 

Key words: lithium; hippocampus; neurogenesis; in vitro; neural stem cells, mice  
 



  

 7 

ABBREVATIONS  

 
 
BD   Bipolar disorder 

bFGF  Basic fibroblast growth factor (FGF-2) 

bcl-2  B-cell lymphoma protein-2 

CREB  cAMP response element-binding protein 

DNA  Deoxyribonucleic acid 

EGF  Epidermal growth factor 

FACS  Fluorescence-activated cell sorting 

FGF-2  Fibroblast growth factor -2 (bFGF) 

FSC   Forward scatter 

GSK3  Glycogen synthase kinase 3 

GSK3- ß  Glycogen synthase kinase 3 beta 

IMP ase  Inositol monophosphatase 

IPPase  Inositol polyphosphate 1-phosphatase 

IP3   Inositol 1,4,5-trisphosphate   

LEF   Lymphoid enchancer binding factor 

Li   Lithium 

LiCl  Lithium chloride 

MAP1B  Microtubule-associated protein 1B 

MAPs  Microtubule associated proteins  

NSC  Neural stem cell 

NSCs  Neural stem cells 

NSPCs  Neural stem/precursor cells 

P   Postnatal day 

PI   Propidium iodide 

s.e.m.  Standard error of the mean 

SOCS  Suppressors of cytokine signaling 

SSC   Side scatter 

SVZ  Subventricular zone  

TCF  T-cell-specific transcription factor 
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1. INTRODUCTION  
1.1.  Lithium: Brief history 

 

Lithium is a highly reactive alkali metal with the atomic number 3 in the periodic table. 

The ionized form of lithium, Li+, has  proven to be potent in the treatment of bipolar 

disorder (BD). Lithium in various forms has been used in mood stabilizing treatment since 

he mid-twentieth century. Lithium was originally used for a range of clinical purposes 

other than BD. In 1848, Dr. Alfred B. Garrod proposed lithium as a remedy for gout, a 

purine metabolism disorder (1). Lithium was first used in clinical treatment for melancholic 

depression in 35 patients by Dr. Frederik Langein 1894 (2). In 1949, Dr. John Cade 

reintroduced lithium in an experimental clinical trial on 10 adult patients with BD  in an 

open-label uncontrolled study (3). The U.S. Food and Drug Administration (FDA) 

approved lithium as a treatment for bipolar manic disorder in 1970 and as a prophylaxis for 

BD in 1974. In doing so, the US  became the fiftieth country after countries like France 

(1961) and the United Kingdom (1966) (2). 

 

1.2. Lithium: In medical treatment  
 

Within medical treatment the lithium ion (Li+) is delivered in the form of a salt, mainly in 

combination with -CO3, -C6H5O7 or -SO4. The therapeutic spectrum of lithium is very 

narrow, ranging from 0,6 to 1,2 mmol/liter Li+ in serum (4) and the therapeutic index (the 

ratio of toxic level to therapeutic level) is low, thus regular monitoring of the plasma 

concentrations in patients is crucial. 

 

Notable side effects include hand tremor, dizziness, dehydration, diarrhea, nausea, 

nystagmus, hypercalcemia, nephrogenic diabetes insipidus and headaches. Other less 

common reported side effects comprise arrhythmias, myxedema, goitre, Parkinson-like 

tremors and lithium-induced nephropathy (5) (6). Hypothyroidism, weight gain, reduced 

ability to concentrate urine and hyperparathyroidism are also more common risk factors in 

patients under lithium treatment compared to the general population (7). The lithium ion 

equilibrates through the placenta (8) and can therefore have toxic effects on the fetus. 

Lithium intake during pregnancy is believed to increase the risk of congenital heart disease 
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and cause Ebstein’s anomaly, a malformation of the tricuspid valve. Recent meta-analyses 

do not report significantly increased risk of congenital malformations, though (7).  

 

Lithium has been used to treat BD as well as several other diseases. As previously 

mentioned, lithium was used in the treatment of gout where it was believed to dissolve the 

uric acid formed (1). Lithium has been used clinically to treat aplastic anemia (9), 

granulocytopenia (10) (11), hepatitis-associated agranulocytosis (12) and hyperthyroidism-

associated agranulocytosis (13).  Furthermore lithium has been used in the treatment of 

clozapine-induced neutropenia (14), radiation-induced neutropenia (15) and childhood 

neutropenia (16). It has been shown that lithium can boost neutrophil counts in both 

children and adults causing leukocytosis (14) without impairing neutrophil migration into 

skin lesions (17).   

 

Interestingly, clinical magnetic resonance imaging (MRI) studies have shown that lithium 

treatment in BD can both increase the volume of the hippocampus and amygdala (18) and 

prevent the loss of grey matter volume in BD patients (19). 

 

It has been demonstrated that chronic lithium treatment protects against the neurotoxic 

effect of hypoxia in rats (20), thereby being a potential oxidative stress reducer. Lithium 

can reduce cognitive loss in adult (21) as well as young (22) mice after cranial irradiation, 

at least partially due to inhibition of neural apoptosis. It has also been shown to enhance 

hippocampal neurogenesis in adult mice (23) and young (22). There are as of yet limited 

published clinical data to support lithium as a neuroprotective or neuroregenerative agent, 

but there are ongoing clinical trials in a wide range of brain-related disorders, including 

stroke (24), Alzheimer’s disease (25) and spinal cord injury (26). Hopes currently rest on 

future data to support the clinical usage of lithium for the prevention of neurocognitive 

sequelae caused by cranial irradiation therapy in children. The outcomes of current clinical 

trials in adults will be valuable in the planning and safety assessment of pediatric trials. 

Valid concerns have been rasied about lithium protecting not only neurons and neural stem 

cells, but also remaining tumor cells, but there are studies demonstrating that lithium does 

not promote tumor growth or promote the formation of new tumors (21) (27).  
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1.3. Lithium: Mechanism of action               
 

Lithium competes with the cofactor magnesium, thereby inhibiting a broad range of 

enzymatic second messengers (28). Numerous signaling pathways are affected, including 

the inositol 1,4,5-trisphosphate (IP3) (29), MEK/ERK and glycogen synthase kinase 3 

(GSK3) pathways (30). Despite the wide use of lithium in medical treatment and extensive 

research carried out during the past decades, the exact molecular mechanisms of action are 

not yet fully understood. Further knowledge is still sought. 

 

Lithium and electrolyte equilibrium 

Lithium has the same electrochemical charge as potassium and sodium (1+) and shares 

properties with both magnesium and calcium. Lithium promotes the upregulation of 

sodium potassium pumps in lymphocytes (31). Lithium can pass rapidly through sodium 

channels, allowing lithium to become a substitute for sodium (32). The presence of lithium 

in serum can unbalance the electrolyte equilibrium or,  in the case of BD, act as a 

stabilizer.  

 

Lithium and the triphosphoinositol signaling pathway 

It is believed that the first event in the mechanism of action of lithium is the inhibition of 

two key enzymes for the recycling and synthesis of inositols, the inositol monophosphatase 

(IMPase) and the inositol polyphosphate 1-phosphatase (IPPase) (33). This leads to a 

depletion of the myo-inositol levels. It has been postulated that the downstream effects of a 

depletion of IP3 levels results in autophagy upregulation and enhancement of the clearance 

of autophagic substrates, like mutant huntingtin proteins and alpha-synucleins (34).  
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Figure 1. Lithium inhibits key enzymes required for phosphoinositide signaling. 
(adapted from: adapted from: Williams RS, Harwood AJ. Lithium therapy and signal 
transduction. Trends Pharmacol Sci. 2000;21(2):61-4. (35)) 
 

 

The anti-apoptotic effects of lithium 

Previous studies have shown that lithium increases the levels of the cytoprotective B-cell 

lymphoma protein-2 (bcl-2) (36) (37). Bcl-2 is a regulatory protein that exerts major anti-

apoptotic effects (38) (39). In fact, overexpression of bcl-2 correlates with neuroprotective 

effects after experimental brain injury in transgenic mice (40). Long term lithium treatment 

suppresses p53 and bax expression. bax is a member of the Bcl-2 protein family and p53 is 

a tumor suppressor protein which positively regulates bax. Both being apoptosis regulators 

(37). 

 

The pro-proliferative effects of lithium 

Among the effects of lithium, the positive modulation of the MEK/ERK signaling pathway 

and in particular its crucial role in upregulating hippocampal neurogenesis in rats was 

found (41). The MEK/ERK signaling pathway is known to be mainly involved  in the 

regulation of neuronal function, synaptic plasticity and survival (42). 

 

Lithium also regulates adult hippocampal progenitor development through canonical Wnt 

pathway activation (28). The canonical Wnt pathway is the pathway where increased 

Glycogen synthase kinase 3 beta (GSK3-ß) causes degradation of β-catenin thus 

preventing the regulation of specific transcription factors in the nucleus, the T-cell specific 

transcription factor (TCF) and lymphoid enchancer binding factor (LEF) (35). GSK-3ß can 



  

 12 

therefore, indirectly by regulating β-catenin, alter gene expression. The cyclin D1 gene 

(CCND1) is a direct target of the LEF (43) and the ERK pathway (44). Cyclin D1 is 

involved in the cell cycle progression and drives the G1/S phase transition (44). 

 

Amongst other functions of GSK3-ß, one relevant role is found in linking actin 

cytoskeleton to adherent junctions in the cell membrane and in targeting microtubule-

associated proteins (MAPs), specifically the microtubule-associated protein 1B (MAP1B) 

and TAU (35). TAU proteins are microtubule-stabilizing proteins and when TAU proteins 

are defective or hyperphosphorylated they can result in dementias such as Alzheimer's 

disease. Moreover MAPB1 contributes to the stabilization of microtubule polymerization 

(45). GSK3-ß increases cAMP response element-binding protein (CREB) activity while 

decreasing deoxyribonucleic acid (DNA) binding of JUN, a proto-oncogene that boosts 

proliferation, which if overexpressed will lead  to uncontrolled proliferation. While CREB 

is crucial in long-time memory formation (46) (47), JUN maintains the proliferative state, a 

balance that is pivotal for neurogenesis in the brain. 

 

Lithium directly inhibits GSK3-ß  which reduces TAU and MAPB1phosporylation (48), 

dereases CREB activity while increasing DNA binding of JUN and cyclin D1. The 

inhibition of GSK3 caused by lithum has both anti-apoptotic and pro-proliferative effects 

(Figure 2). 
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V I E W P O I N T

axons and is required for microtubule nucleation and assem-
bly, although it also has other cellular functions including sig-
nal transduction14. In contrast to MAP1B, GSK-3!-induced
phosphorylation of TAU prevents its association with micro-
tubules15 and, at least in non-neuronal cells that express TAU,
application of lithium stabilizes microtubule outgrowth and
bundle formation16. Together, these results demonstrate that
GSK-3 phosphorylation, and hence lithium, has the potential
to alter the neuronal architecture of the brain. The implication
is that a possible mechanism for lithium therapy and, by 
extrapolation, a cause of depression, could be a result of a
structural change in the way neurones interact – in essence,
it could be a problem of neural ‘hard-wiring’.

‘Reprogramming’ 
The alternative possibility is to consider depression as a ‘pro-
gramming’ problem and that lithium modulates how cells
respond to input stimuli. By analogy to theories for long-term
potentiation, and hence memory, this ‘program’ could function
through changes in gene expression9. In addition to regulating
the activity of !-catenin, GSK-3 also regulates other transcrip-
tion factors. Two important factors are JUN and cAMP-
response-element-binding protein (CREB). GSK-3 phospho-
rylation of JUN inhibits its binding to DNA, and because JUN
is a subunit of activator protein-1 (AP-1), this can explain

why lithium promotes AP-1 activity in human neuronal cell
lines17. By contrast, GSK-3 phosphorylation of CREB activates
gene expression18. CREB also requires phosphorylation by
the cAMP-dependent protein kinase (PKA), an enzyme regu-
lated through !-adrenoceptors. These receptors are a major
target of antidepressants and provide a possible mechanism
by which lithium could enhance the effects of these drugs.

GSK-3 and Alzheimer’s disease 
In contrast to the case for affective disorders, strong biochemi-
cal evidence ties GSK-3 to a causative agent of AD. Mutations
of presenilin 1 (PS-1) cause early onset, autosomal dominant
AD (Ref. 19). PS-1 regulates "-secretase activity and is
required for the correct processing of the amyloid precursor
protein (APP)20. Mutant PS-1 can lead to a build up of the
amyloid ! peptide A!42(43) that is deposited into the senile
plaques observed in AD patients21. A second lesion observed
in AD patients is paired helical filaments (PHFs). These are
formed from hyperphosphorylated TAU protein and are
caused by the action of GSK-3! phosphorylation22. Intrigu-
ingly, PS-1 binds GSK-3!, TAU and !-catenin23. The cel-
lular role of this PS-1 complex is unknown but some AD-
associated PS-1 mutations increase both GSK-3! binding
and TAU phosphorylation23. Other PS-1 mutations [those
associated with A!42(43) accumulation] might destabilize
GSK-3! binding and upregulate !-catenin activity24. The
significance of these different behaviours is not yet under-
stood. Furthermore, the effects of lithium on this complex and
on "-secretase activity have not been explored, but clearly
they warrant further investigation.

Lithium and inositol (1,4,5)-trisphosphate signalling
The inositol depletion hypothesis
Current interest in GSK-3 has overshadowed a second, well
characterized signal transduction pathway that is subject to
lithium inhibition. Lithium inhibits both inositol mono-
phosphatase (IMPase) and inositol polyphosphate 1-phos-
phatase (IPPase), which are key enzymes necessary for the
synthesis and recycling of inositol. On the basis of these
observations, Berridge, Downes and Manley25 proposed an
inositol-depletion hypothesis, in which lithium-induced
inhibition of these enzymes reduces the free pool of inositol
(Fig. 2). This ultimately lowers the cellular concentration of the
second-messenger inositol (1,4,5)-trisphosphate [Ins(1,4,5)P3].
There are several attractions of this hypothesis. It might
explain the selective action of lithium. Most inositol is taken
up from the environment; for example, we ingest 1 g of
inositol per day, and so lithium will only affect sites where
the supply of environmental inositol cannot keep pace with
that lost through inhibition of inositol phosphatases. The
brain might contain such sites and, in fact, inositol uptake
inhibitors enhance the effect of lithium on the behaviour of
rats26. Lithium is a noncompetitve inhibitor of IMPase,
which means that the degree of inhibition is dependent on
both the inhibitor and the substrate: the more inositol phos-
phate, the more inhibition. This could explain why mood
suppression is only manifest during lithium treatment of
patients with affective disorders. There is little doubt that
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Fig. 1. Signal transduction via glycogen synthase kinase 3 (GSK-3). The extra-
cellular signal Wnt interacts through the receptor protein Frizzled (Frz) to
inhibit GSK-3 via the action of dishevelled (DSH). DSH also regulates inositol
(1,4,5)-trisphosphate [Ins(1,4,5)P3], and hence Ca2# and RhoGTPase (Rho) sig-
nal transduction pathways. GSK-3 causes degradation of !-catenin, which
prevents it from regulating the transcription factors T-cell-specific transcrip-
tion factor (TCF) and lymphoid enhancer binding factor (LEF). GSK-3 also phos-
phorylates the microtubule-associated proteins (MAPs), TAU and MAP1B and
the transcription factors JUN and cAMP-response-element-binding protein
(CREB). Lithium inhibits GSK-3 activity leading to: (1) increased !-catenin in
the nucleus; (2) increased DNA binding of JUN; and (3) reduced activity of
CREB and reduced phosphorylation of MAP1B and TAU.

 
Figure 2. Glycogen synthase kinase 3 (GSK3) signal transduction  
(adapted from: Williams RS, Harwood AJ. Lithium therapy and signal transduction.  
Trends Pharmacol Sci. 2000;21(2):61-4. (35))  
 Lithium directy inhibits GSK3 causing: 
1. Increased β-catenin in the nucleus causing upregulation of T-cell specific transcription factor and   
lymphoid enchancer binding factor (LEF).   
2. Decreased TAU and MAPB1phosphorylation and reduced activity of CREB 
3. Increased DNA binding of JUN 
 

 --------------------------------------------------------------------------------------------------------------------------------- 
 

Lithium and the JAK/STAT3 pathway  

Lithium has also been shown to inhibit the STAT3 pathway independently of GSK3-ß 

resulting in the suppression of astrogliogenesis whch might possibly explain lithium’s lack 

of carcinogenicity (27). Activation of the JAK/STAT3 pathway increases abnormalities in 

SOCS (suppressors of cytokine signaling) causing cancer (49). Lithium should reduce the 

risk of SOCS-induced cancer by inhibiting STAT3 (27).  In order for lithium to be an 

applicable drug, used in both NSC cultures and transplantation therapies, it is important 

that it does not abberantly accelerate proliferation or inhibit programmed cell death of 

damaged cells risking carcinogenic consequenses. In addition to the anti-apopotic effect of 

lithium (by increasing bcl-2) and the pro-proliferative effects (via the upregulation of both 

the MEK/ERK pathway and canonical Wnt pathway), and now believed the suppression  

of astrogliogenesis makes lithium a competent canditate in culture and transplantation of 

NSCs.    
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1.4. Neurogenesis and the hippocampus  
 

The formation of neurons from neural stem and progenitor/precursor cells (NSPC) is called 

neurogenesis. Neurogenesis is at its peak in prenatal development although neurogenesis 

does continue in the adult brain of mammals, while being distinctively restricted to a few 

areas. In 1992, Brent A Reynolds and Samuel Weiss performed the first isolation of neural 

stem cells from mouse striatum, proving the existence of NSCs in the adult mammalian 

brain (50). Neurogenesis in the adult brain occurs under physiological conditions, mainly 

in two regions: the subventricular zone (SVZ) lining the lateral walls of the lateral 

ventricles (50)  and the subgranular zone of the dentate gyrus in the hippocampus (51).  

 

Upon injury, neural stem and progenitor cells (NSPCs) have the ability to migrate to the 

damaged areas, for instance during and after ischemia. NSCs have the potential to migrate 

to the injured area and differentiate there, possibly restoring the damaged area (52). Neural 

stem cells can be studied in vitro using a method called neurosphere assay. A neurosphere 

is a non-adherent spherical cell cluster of NSCs. In order to generate a neurosphere, single 

NSCs must be stimulated to proliferate, which can be induced by the presence of growth 

factors in the medium. These include  epidermal growth factor (EGF) discovered in 1986 

and fibroblast growth factor 2 (FGF-2). These are essential for stem cells to maintain an 

undifferentiated and highly proliferative state (53).  

 

The hippocampus: 

The hippocampus is a part of the brain in humans and other vertebrates which is known to 

be important for the acquisition of spatial and contextual memories. As earlier mentioned, 

it is a location where adult neurogenesis takes place, more specifically in the subgranular 

zone of the dentate gyrus. Lithium increases cell proliferation in the adult (54) and juvenile 

(22) dentate gyrus. In Down syndrome, the adult hippocampal neurogenesis is impaired. 

An seminal study proved that lithium has great potential in rescueing synaptic plasticity 

and memory in mice with Down syndrome (55). In fact lithium has been shown to increase 

synapse formation in hippocampal neurons in rats (56).  

 

In recent years lithium has been studied as a potential therapeutic against chronic 

neurodegenerative diseases such as Alzheimer’s, Parkinson’s and Huntington’s disease 

(57). Dysfunctional hippocampal hyperactivity has been linked to positive symptoms in 
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schizophrenia and memory deficits (58). Decrease in the hippocampal volume has also 

been connected with schizophrenia (59), unipolar depression (60) and Parkinson’s disease 

(61) (62).  

 

1.5.  The cell cycle 
 

The cell cycle is the phase in the cell leading to division and duplication. In order for a 

cell to duplicate its DNA and divide into two distinct cells, it will have to pass through 

several damage checkpoints. Each checkpoint represents the end of one phase and the 

beginning of another. In eukaryotes the cell cycle consists of four phases in the following 

order: G1 phase, S phase, G2 phase and M phase. The first three phases represent the 

interphase, where the cell prepares for the division. In the last phase, the M-phase, the 

cell divides into two daughter cells. The cell will have to complete each phase in order to 

enter the next. Cells can also enter a quiescent state (G0) after the G1 check point (63).  

 

 

 

Figure 3. The cell cycle and it’s DNA content 
(adapted from Darzynkiewicz Z, Juan G, Bedner E. Determining cell cycle stages by flow cytometry. 
Curr Protoc Cell Biol. 2001;Chapter(8):Unit 8.4. doi: 10.1002/0471143030.cb0804s01) 
A. The different stages of the cell cycle 
B. Estimation of cell position in the cell cycle based on DNA content measurement. The cells in the G1 
phase are monoploid (n=1), while the cells in the S phase aneuploid (n=1-2) and the cells in G2/M phase 
diploid (n=2). 

 
 

  

The fluorescence-activated cell sorting (FACS) is a laser-based technology that can be 

used for both cell counting and sorting as well as for biomarker detection. In this case, it 

is advantageous to use fluorescent DNA dyes that bind to the DNA in a linear manner 

which can thus be used for FACS analysis of the cell cycle. Based on the detection of the 

light intensity emission, which correlates linearly with the DNA amount, flow cytometry 
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allows for the detection of the differential distribution of the cells in three major phases of 

the cell cycle; G1, S and the G2/M phase. Apoptotic cells are also detected through 

fractional DNA content. The cell size can be measured by the forward scatter (FSC), 

whereas the cell granularity can be detected with side scatter (SSC) (64).  

 

1.6. Conclusion: Aim of research  

 

A plethora of pre-clinical studies attempted to address the effects of lithium both in vivo 

and in vitro. The overall aim of the research is to characterize in our in vitro neurosphere 

assay how lithium, and in what dosage, affects the cell cycle and proliferation of 

postnatal neural stem cells. Fluorescence-activated cell sorting (FACS) was used for a 

univariate analysis of cellular DNA content following cell staining with propidium iodide 

(PI). 
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2. MATERIALS AND METHODS                  

2.1. Animals 

 

Postnatal day 4 to 7 (P4-7) C57BL/6 mice were used in all of the experiments. Genetic 

studies suggest that C57BL/6 mice are suitable for the studies of neurogenesis (65). 

Pregnant mice were obtained from Charles Rivers Laboratories (Sulzfeld, Germany). The 

mice were housed in the animal facility at Sahlgrenska academy, Gothenburg (Laboratory 

of Experimental Biomedicine, EBM). The mice were kept under standard conditions of 

daylight (12 hour light cycle) and provided food and water ad libitum. For the experiments, 

only litters aged between 4-7 days after birth were used.  The mothers were only 

euthanized after the pups were used. Each litter accounts for n=1. 

 

Mice were decapitated without prior exposure to anesthesia. Common anesthetics such as 

isoflurane can cause widespread apoptotic neurodegeneration in the developing brain and 

deficits in hippocampal synaptic function (66). Isoflurane has been shown to inhibit 

proliferation of neural precursor cells in young rodents (67) and can cause a persistent 

decrease in the hippocampal neural stem cell pool and subsequent neurogenesis (68). 

Decapitation without anesthesia is particularly rapid in these very young mice and 

minimizes post-mortem changes in neural tissues (69). Euthanasia solely by decapitation is 

considered an acceptable method for mouse pups. Pain perception in rats has been shown 

to be similar to that of decapitation with and without prior anesthesia (70, 71).  

 

All experimental conditions were conducted under ethical approval by the Animal 

Research Ethics Committee (Gothenburg committee of the Swedish Agricultural Agency, 

20-2013) in accordance with national animal welfare legislation. 

 

2.2. Cell isolation: Primary cell culture  

 

The brains were rapidly removed and then kept in a Hibernate A (Gibco/Invitrogen, United 

Kingdom) solution. The hippocampi from each animal (n=3, 12 hippocampi in each group) 

were microdissected using separate tools to avoid contamination between groups and the 

tissue was stored in an Eppendorf tube on ice in Hibernate A (Gibco/Invitrogen, United 

Kingdom) solution.  
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In order to remove the connective tissue, hippocampi were gently triturated and digested 

twice for 10 minutes at 37°C in papain protease DNase I solution (PPD) consisting of 0.01 

% papain (Worthington/Cell Systems, United States), 0.1% dispase II (Roche, 

Indianapolis, United States),  0.01% DNAse I (Worthington/Cell Systems, United States), 

HBSS without Ca2+ and Mg2+ (Hank's Balanced Salt Solution, Worthington/Cell Systems, 

United States), 12.4 mM MgSO4. The enzymatic reaction was interrupted by an addition of 

culture medium that inhibited the remaining activity. Cells were spun down with a 

centrifuge at 500 x g for 5 minutes and re-suspended in new medium.  

 

The medium consisted of Neurobasal A (Gibco/Invitrogen, United Kingdom) with addition 

of 1X Glutamax (Gibco/Invitrogen, United Kingdom), 1X B27 without vitamin A (B27 

w/o vitA, Gibco/Invitrogen, United Kingdom), Penicillin (200 IU/mL, Gibco/Invitrogen, 

United Kingdom) and streptomycin (200 IU/mL, Gibco/Invitrogen, United Kingdom). 

Research has shown that Neurobasal medium containing B27 can increase the NSC 

expansion rate up to 15-fold within one week in low-density NSC cultures derived from 

the lateral ventricle wall, the hippocampal formation, and the spinal cord of adult rats (72). 

B27, without vitamin A, contains stem cell nutrition and since retinol (vitamin A) can be 

converted into retinoic acid, which causes the NSC to further differentiate (73) (74), it is 

important to exclude it in order to keep the NSCs in their multipotent state. Penicillin-

streptomycin is a broad-spectrum antibiotic combination which inhibits both Gram-

negative and Gram-positive bacteria, thus protecting the cell culture from bacterial 

infections. 

 

After the tissue was digested, the homogenate was passed through a sterile cell strainer (40 

µm pore size) in order to eliminate tissue debris and the viable cells were counted via 

Trypan Blue (SigmaAldrich, United Kingdom) exclusion. Cells were seeded at a 

concentration of 3x105 cells/5 mL in medium and they were kept in a proliferating state by 

adding fibroblast growth factor 2 (FGF-2, 20 ng/ml, PeproTech, United states of America), 

epidermal growth factor (EGF, 20 ng/ml, Gibco, United States of America) and heparin 

(10 µg/ml, SigmaAldrich, United Kingdom). FGF-2 and EGF increase the rate of NSC 

proliferation in rodents and mice. The addition of heparin further potentiates growth and 

sphere formation in a dose-dependent manner with the highest potentiation of FGF-2 + 

EGF mitogenic activity at 5 µg/ml (15).  
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2.3. Cell passaging 

 

When the neurospheres reached an inhibiting density, they were passaged. The inhibiting 

density is reached when the size of the neurosphere is nearly 100 µm (75) and the center of 

the sphere displays a hypoxic core. These features were analyzed under a brightfield 

microscope Nikon TMS-F. Passaging was performed every 4th day and the addition of 

growth factors, (FGF-2, EGF and heparin) occurred every second day. Single cell 

suspension was obtained by mechanical disruption using a 1000 µl pipette. TrypLE 

(trypsin, Gibco/Invitrogen, United Kingdom) was employed as an enzymatic cell 

dissociation reagent, whereas phosphate-buffered saline without Ca2+ and Mg2+ (PBS w/o 

Ca2+ and Mg2+, Gibco/Invitrogen, United Kingdom) as a rinsing reagent. Cells were kept in 

a 5% CO2 humidified incubator at 37°C  between the cell passaging and the addition of 

growth factors, (FGF-2, EGF and heparin) which occurred every second day. The analysis 

was performed after four passages to allow a homogeneous selection of neural stem cells 

while keeping the genetic background of origin.  

 

2.4. Imaging 

 

Images of the neurospheres were obtained using a Leica DFC 295 camera and Nikon TMS-

F light microscope, capturing format 2048x1536 full frame HQ and live format 1024x763 

XGA. 

 

2.5. Lithium dose-dependent effects on NSC 

 

Lithium chloride was obtained from Sigma Aldrich, St. Louis, United states for the 

experiment and used at 2 different doses, 1 mM and 3 mM. Previous studies showed that 

NSCs treated with 3 mM LiCl were more prone to acquire a neuronal-like phenotype at the 

expense of astrocytes while maintaining apoptotic levels under control. Interestingly, as 

lithium acts in a dose-dependent manner, 1 mM LiCl, which is the relevant therapeutic 

dose in humans, proved to efficiently potentiate neurogenesis without altering 

astrogliogenesis (76). In addition it has been shown that grafting of NSCs in the spinal cord 

results mostly in astrogliogenesis (76) (77), therefore the effect of lithium, both increasing 

NSC growth and inhibiting astrogliogenesis, is quite promising for higher efficiency of 

transplantation therapy in the central nervous system.  
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After the last neurosphere passage, LiCl was added to the culture medium to the single 

cells suspension. Viable cells were counted using a hemocytometer and seeded at a density 

of 3x105 cells/5 ml of medium in a T25 flask. The cell cycle analysis was performed at 48, 

72 and 96 hours after the last passage.  

 

2.6. The cell cycle: Fluorescence-activated cell sorting 

 

On the day of the analysis a single cell suspension was obtained as described above, except 

for replacing TryplE with 0.02% EDTA (Titriplex ® III. Z..A E. Merck D-6100 

Darmstadt) in order to preserve the cell viability. Cells were then re-suspended in1 ml 

staining solution. The staining solution consisted of propidum iodide, PI (Molecular Probes 

®, Eugene, Oregon, United States), RNase A (Pure link™ Invitrogen, United States) and 

0.6% Tergitol-type NP-40 (Sigma Aldrich, United Kingdom). PI is a fluorescent molecule 

that intercalates DNA in a linear manner, making it a suitable DNA dye with an 

absorption/emission spectrum of 506/534 nm. Since PI does not enter living cells, the cell 

membranes were permeabilized using Tergitol-type NP-40, a nonyl 

phenoxypolyethoxylethanol in order allow the PI to enter the nucleus and bind to the DNA. 

In addition, to avoid the unspecific PI binding to the RNA, 0.3 mg/ml RNase A (Pure 

link™ Invitrogen, United States) was added to the staining solution. Cells were incubated 

for an hour at 37˚C prior to the analysis. The NSCs were characterized by cell size and 

granularity, as measured by the side scatter (SSC) and forward scatter (FSC) of the flow 

cytometry. The cell cycle analysis was performed using a BD FACS Calibur™ flow 

cytometer using a 488 nm laser and the CellQuest Pro™ software.  

 

2.7. Statistical analysis  
 

A statistical analysis was carried out using GraphPad Prism® (La Jolla, CA). All data are 

expressed as mean ± standard error of the mean (s.e.m.). Statistical differences between 

groups were calculated using a one-way ANOVA test with Dunnet’s post-hoc test for 

comparing the treatment groups to a single control group.  P < 0.05 was considered 

statistically significant. 
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3. RESULTS    

 

3.1. LiCl drives cells faster through the G1 phase of the cell cycle 

According to the results from the FACS analysis, there were fewer cells in the G1 phase 

when compared to the control groups after 48 hours when treated with either 1 mM (p < 

0,05) or 3 mM LiCl (p ≤ 0,01) in vitro (Figure 4C). This shows that when the cell culture 

was treated with LiCl, after 48 hours, more cells passed through the G1 phase and started 

to replicate their DNA. No significant differences were found after 72 or 96 hours of LiCl 

treatment even though results indicated a trend towards a higher proliferation rate (Figure 

5C and 6C). 
 

3.2. LiCl increases NSC proliferation  

The FACS analysis showed more cells in either the S-phase or the G2/M phase, 

representing an increased replication (haploid number, n=2) and thus proliferation. After 

48 hours of LiCl treatment more of the cells in the LiCl-treated groups were proliferating 

(were either in the S or G2/M phase) than in the control groups (1 mM: p < 0,05 and 3 

mM: p ≤ 0,01: Figure 4A and B).  

 

No significant difference in NSC proliferation was found between the LiCl-treated groups 

and control groups after 72 hours (Figure 5A) or 96 hours (Figure 6A). The results 

indicated the same trend for the LiCl-treated groups after 72 or 96 hour as for the 48 hours. 

Images of the neurospheres were taken with a Leica DFC 295 camera and Nikon TMS-F 

light microscope and they supported the trend, showing that the neurospheres of the control 

group were smaller in size than those in the LiCl-treated group after 72 hours (Figure 7A, 

B and C). Also the cell medium in the control group appeared darker, representing an 

index of lower pH level and poorer living conditions for the cells (Figure 7B). These 

results indicate that after 72 hours of lithium treatment the percentage of proliferating cells 

(cells in the S and G2/M phase) stopped increasing or reached a plateau beyond which 

proliferation was altered or inhibited (Figure: 4A, 5A and 6A).  

 

3.3. LiCl decreases cell death of NSCs  

The forward scatter (FSC) in the FACS machine is able to distinguish between cellular 

debris and living cells. After LiCl treatment, less debris was detected in the LiCl- groups 



  

 22 

than in the control group after both 48 hours (1 mM and 3 mM: p ≤ 0,001. Figure 4E) and 

72 hours (1 mM:  p ≤ 0,001 and 3 mM: p ≤ 0,01. Figure 5E). Interestingly, less debris was 

found in the 1 mM than the 3 mM LiCl-treated group. Images of the neurospheres 

supported these results (Figure 7A, B and C). No significant difference was found between 

the LiCl-treated groups after 96 hours compared to the control.  

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4. Histograms showing the percentage of DNA content in different phases of the cell cycle 
in all the groups after 48 hours (h) 
(A) The percentage of cells in S, G2 and M phase: More cells are in a proliferative state when treated 
with 1 mM or 3 mM LiCl (B) The percentage of cells in S phase: More cells are replicating their DNA 
when treated with 1 mM or 3 mM LiCl (C) The percentage of cells in G1 phase: fewer cells are in the 
interphase of the cell cycle when treated with 1 mM or 3 mM LiCl (D) The percentage of cells in G2 
and M phase: No significant difference between the LiCl-treated groups and the control group were 
found (E) The percentage of debris/dead cells: Treatment with either 1 mM or 3 mM LiCl  resulted in 
decreased cell death. 
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Figure 5. Histograms showing the percentage of DNA content in different phases of the cell cycle in 
all the groups after 72 hours (h) 
(A) The percentage of cells in S, G2 and M phase: cells were equally distributed and we didn´t see any 
difference between the LiCl-treated groups and the control group (B) Percentage of cells in S phase (C) 
Percentage of cells in G1 phase (D) Percentage of cells in G2 and M phase (E) Percentage of 
debris/dead cells: When treated with either 1 mM or 3 mM LiCl there were fewer dead cells. 
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Figure 6. Histograms showing the percentage of DNA content in different phases of the cell cycle in 
all the groups after 96 hours (h) 
(A) The percentage of cells in S, G2 and M phase (B) Percentage of cells in S phase (C) Percentage of 
cells in G1 phase (D) Percentage of cells in G2 and M phase (E) Percentage of debris/dead cells where 
no significant difference was found between the LiCl-treated groups and the control group possibly to 
indicate that the control recover partially from the last passage. 
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Figure 7. In vitro neurospheres after 72 hours. Scale bar 100 µm.  
(A) Cells treated with 1 mM LiCl showing round-shaped neurospheres and little debris in culture (B) 
Cells treated with 3 mM LiCl showing some debris in culture (C) Control group showing smaller 
neurospheres and more debris when compared to the LiCl-treated cells. The cell medium in the control 
group gives a much darker contrast than the medium of the other groups indicating a more acidic 
environment.  

 
 

 
 

 

A.         B.  

Figure 8. In vitro neurospheres after 96 hours 
(A) Cells that have started to attach and differentiate (B) Cells at the time of the passage having a    
hypoxic center (darker color). 
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DISCUSSION    

The aim in this thesis was to prove that lithium treatment of mouse brain-derived NSCs in 

culture has both proliferative and anti-apoptotic effects. This hypothesis was based on 

previous studies showing that lithium is a key regulator of proliferation (78) (79) (35), 

apoptosis (20) (36) (37) and it  promotes autophagy of extracellular matrix/debris (34). Our 

study sought to investigate the relative responsiveness of our in vitro NSCs to different 

doses of LiCl at different time points in order to see the earliest effect of lithium on both 

cell proliferation and cell death. Our results showed that lithium at both 1 mM and 3 mM 

displayed pro-proliferative and anti-apoptotic effects already 48 hours after treatment. The 

anti-apoptotic, but not the proliferative effect, was prominent even after 72 hours, whereas 

no differences were found after 96 hours. 

 

Our approach consisted of quantifying the distribution of the DNA amount across different 

stages of the cell cycle in a population of highly proliferative cells that underwent lithium 

treatment. Our main interest was restricted to the following cell cycle phases: G1, S and 

G2/M. The results showed that cells treated with LiCl, both at 1mM and 3mM, have a 

significantly smaller portion of cells in the G1 phase than in the control cells after 48 hours 

from the addition of LiCl in the medium. The same pattern was found after 72 and 96 

hours even though there was no statistical significance for these late time points (Figures 5 

and 6C.). We believe this could be explained by the fact that LiCl, by acting on 

proliferation, pushes the cells to enter the S phase at a higher rate compared to the control. 

We hypothesize that the response of NSCs to lithium is shortening the time for the cells to 

be in the G1 phase. The length of the G1 phase also varies between cell types. 

Interestingly, a recent study suggests that the lengthening of the G1 phase is believed to be 

a cause rather than a consequence of differentiation in neuroepithelial cells (80). It has also 

been proved that a longer G1 phase is positively correlated with differentiation in human 

embryonic cells (81). On the other hand, basic fibroblast growth factor (bFGF also FGF-2) 

has shown to shorten the G1 phase and neutrotrophin-3 to lengthen it (82). Since both the 

lithium group and the control group received FGF-2 (bFGF) it should not have affected our 

results. Moreover, the progression through the cell cycle is controlled by the up and down 

regulation of cyclin-dependent kinases (CDK)/cyclin complexes and their inhibitors. Other 

factors can also be cell cycle regulators such as notch signaling. An interesting study 

showed that when the notch signalling is inhibited, it results in a delay in the G1/S phase 
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transition in human embryonic stem cells both in and ex vivo (83). In addition, a longer G1 

phase results in increased differentiation in humans. Notch is known to be a downstream 

target of the GSK3-ß pathway; in fact notch signaling is down regulated upon GSK3-ß 

phosphorylation (84). Similarly, cyclin D1 has been proven to shorten the G1 phase (85) 

and GSK3-ß inhibition leads to its up regulation. Since lithium is known to act via 

inhibition of GSK3-ß, we propose that a possible explanation of our observations of LiCl is 

the decrease in time that the cell spends in the G1 phase. Based on these former studies, 

one might conclude that lithium accelerates the G1/S phase transition, and it keeps the cells 

from differentiating by driving them further into proliferation. 

  

In addition we found that after 48 hours the cells in the LiCl-treated groups were more 

likely to be in the S and G2/M phase, so in other words they were either in the process of 

replicating their DNA (S-phase) or they already did so (G2/M phase). These results support 

another finding where lithium increased adult hippocampal NSPCs in rats (28). The results 

from the cell cultures after 72 and 96 hours indicated a similar trend as for the 48 hours, 

although it was not significantly increased. Hence, we hypothesize that it could be due to 

the cells reaching a proliferation plateau after 72 hours since the proliferation log phase 

occurred earlier in the LiCl-treated cells when compared to the control. We believe that 

beyond the proliferative plateau, the cells are slowed down in their proliferation and 

possibly they have reached their maximal density in the flask. We also believe that after 

this point, cells in the core of the neurosphere are prone to die because of hypoxic 

conditions, whereas the outside of the spheres keeps on proliferating at a lower rate 

compared to the 48 hour neurospheres. After 72 hours the neurospheres in the LiCl-treated 

groups reached their maximal diameter (≈100µm). After 96 hours they tended to sink to 

the bottom and started to attach to each other, acquiring a different phenotype, as shown in 

the pictures taken after 96 hours of culture (Figures 8A and B). 

 

Surprisingly, less debris was found in LiCl-treated groups after 48 and 72 hours compared 

to the control, whereas no significant difference was found in the 96-hour group. These 

results further support the anti-apoptotic effect of lithium (36) (37). What caught our 

interest was that 1 mM of LiCl provided the strongest anti-apoptotic effect and this is 

whithin the same range as the therapeutic concentrations in the usage of lithium for clinical 

purposes (4). We hypothesized that at 3 Mm, LiCl might have a slightly toxic effect on the 
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NSCs, while still maintaining the proliferative modulation. Overall, our data support the 

trends in literature for lithium to act both as an anti-apoptotic and pro-proliferative agent, 

but most interestingly we found that young NSCs respond to lithium in a similar pattern as 

the adult stem cells. Further investigation is required in order to understand whether 

lithium acts on the same signaling pathways in the adult and in the young developing brain. 

 
Lithium is considered a promising drug in the prevention and treatment of irradiation-

induced damage, especially with respect to young patients, where cranial radiotherapy can 

cause debilitating so called late effects. In fact, the developing brain hosts cells at their 

highest dividing capacity, hence a young brain is more prone to damage due to irradiation 

used to target fast dividing cancer cells (86). Therefore, it is of great importance to find 

effective protective treatments. Using young mice (P4-7) gives the possibility to target 

young NSCs and investigate the effect of different drugs for a better understanding and 

possible comparison of the developing/young brain in humans. Our results also showed the 

time course of lithium action in vitro, especially in shortening the time of cell division and 

culturing conditions. These findings point to a possible clinical treatment in children after 

irradiation such that the young brain might respond more quickly to lithium and therefore 

will not have to receive a chronic treatment. Furthermore our in vitro model allows us to 

conclude how a certain cell type might react to the treatment, although further investigation 

on pathway analysis is still needed to fully elucidate the actual mechanism of action of 

lithium in young NSCs.   

 

The ultimate application of NSCs relies on transplantation, hence lithium may be a good 

candidate in keeping the neural stem cells in a multipotent state, at their highest 

proliferative capacity in vitro so that as soon as grafted, the cells would migrate to the 

damaged area and under lithium modulation possibly remain undifferentiated or 

differentiate into neurons. 

 

Since a high proliferation rate and inhibition of programmed cell death are characteristics 

that are associated with tumorigenesis,  the effects of lithium on both cancer cells and 

NSPCs should be extensively investigated before using lithium in the treatment of patients 

undergoing cranial irradiation, in order to minimize the risk of relapse of the tumor. Since 

lithium indirectly downregulates p53 by increasing bcl-2, it has the potential to prevent a 

damaged cell from going into apoptosis. Bcl-2 has been shown to constitutively suppress 
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p53-dependent apoptosis in colorectal cancer cells (87), whereas aberrant activation of the 

Wnt/β-catenin pathway has been shown to increase the risk of colorectal cancer, even 

though recent studies have shown that lithium decreases rather than increases the risk of 

colorectal cancer (88). Lithium has actually showed anti-proliferative effects on murine 

and human melanoma cells lines (89) as well as inhibiting effects on carcinoid cell growth 

in vitro (90). As mentioned earlier, lithium has been shown to reduce the risk of SOCS 

cancer growth by inhibiting the STAT3 pathway (27). Although these findings look 

promising, a better understanding of the effects of lithium on cancer cells is as important as 

the understanding of the beneficial effects in normal cells.  

 

Our future approach is directed at determining the earliest and latest time points where one 

can detect the effects of lithium on NSCs. It would be interesting to study the earlier and 

later effects of lithium after, for example, 12, 24, and 120 hours. This would allow us to 

detect the earliest effects of lithium on cell proliferation and the latest effects on cell 

differentiation. In order to fully elucidate the proliferative effect of lithium we would also 

need to know the exact amount of cells after each time point, so to have an idea whether 

the number of cells are actually increasing and not only the percentage of cells in each 

phase. We are also interested in further studying of the effect of lithium on NSC 

proliferation in vivo. It would be of great relevance to study the metabolic effects of 

lithium at lower dosage than 1 mM and still within the therapeutical range of lithium (0,6-

0,8 mmol).  

 

In conclusion, this study supports that lithium has simultaneously a pro-proliferative and 

an anti-apoptotic effect and it acts in a dose-dependent manner, potently boosting NSC 

proliferation in vitro at 3mM while providing its highest anti-apoptotic effect at 1mM. 

These findings indeed look promising for future clinical use of lithium in young patients 

receiving cranial radiotherapy.  
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