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Objective(s): The neuroprotective effect of lithium has been attributed to its therapeutic action. 
However, the role of glial cells particularly astrocytes, and the possible interactions between neurons 
and astrocytes in neuroprotective effects of lithium have been disregarded. Thus, the aim of this study 
was to evaluate the direct effects of lithium on brain derived neurotrophic factor (BDNF) and glial cell 
line derived neurotrophic factor (GDNF) in rat primary neuronal, astrocytes, and mixed neuro-
astroglial cultures to assess the possible effects of lithium on astrocytes and neuro-astroglia 
interactions.  
Materials and Methods: Rat primary astrocyte, neuronal and mixed neuro-astrocyte cultures were 
prepared from cortices of 18-day embryos. Cell cultures were exposed to lithium (1 mM) or vehicle for 
1 day (acute) or 7 days (chronic). BDNF and GDNF mRNA and protein levels were determined by RT-
PCR and ELISA, respectively. 
Results: Chronic but not acute lithium treatment increased intracellular BDNF and GDNF protein levels 
in rat primary neuronal and astrocyte cultures, respectively (P<0.05). However, chronic lithium 
treatment had no significant effect on intracellular BDNF protein level in astrocyte and mixed neuron-
astrocyte cultures or GDNF protein levels in mixed neuron-astrocyte culture. Furthermore, acute and 
chronic lithium treatment had no significant effect on mRNA and extracellular BDNF and GDNF protein 
levels in three studied cultures. 
Conclusion: Present study showed that chronic lithium treatment affected neurotrophins both in 
neurons and astrocytes in a cell-type specific manner with no effect on neuron-astrocyte interactions. 
The findings of this study also highlighted the importance of astrocytes as drug targets involved in the 
neuroprotective action of lithium. 
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Introduction 
Bipolar disorder (BD) is a prevalent and highly 

debilitating chronic disease (1). Despite extensive 
investigation, the pathophysiology of this disorder is 
still poorly understood. Growing evidence indicated 
regional reductions in brain volume accompanied by 
cellular atrophy/loss in BD (2, 3). Persistent 
reduction of neurotrophic factors have been 
proposed to be involved in the underlying processes 
of cell loss in BD patients (4, 5). In this regard, 
reduced brain derived neurotrophic factor (BDNF) in 
serum and cortical area of patients suffering from BD 
has been shown (5-7). Moreover, an association 
between BDNF genetic polymorphism and BD onset 
and incidence has been demonstrated (8, 9). Also, it 
was proposed that dysregulation of astrocytic 
neurotrophic factors might play important roles in 
neuroanatomical changes in brain in BD (10, 11).  

There are evidences that glial cell line-derived 
neurotrophic factor (GDNF), as the main 
neurotrophic factor synthesized and released by 
astrocytes may be involved in the pathophysiology of 
BD (12, 13). Taken together, neurotrophic factors 
BDNF and GDNF may play important roles in the 
pathogenesis of BD.  

Chronic treatment with a lithium salt is the 
classical treatment for BD. The critical site of action 
of lithium is still vague. However, most recent 
cellular, animal and human studies focused on the 
effects of lithium on neuroplasticity and neuronal 
resilience, suggest a neuroprotective effect for 
lithium (14-16). Increasing evidence indicated that 
lithium can produce neuroprotective effects via 
increasing neurotrophic factors levels in CNS               
(17, 18) which may be relevant to its efficacy in the 
treatment of BD (3). However, the exact mechanism  
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is still elusive. Neuroprotective effect of lithium may 
be mediated through its direct effect on neurons or 
indirectly through its effect on glial cells (mainly 
astrocytes) which provide trophic support for 
neurons by releasing neurotrophic factors (19-21). 
Most of the previous studies investigating the 
mechanism of neuroprotective effects of lithium 
emphasize its direct neuronal effect and thus might 
have excluded the role of glial cells. Therefore, the 
principle objective of this study is to determine to 
what extent glial cells contribute to neuroprotective 
effect of lithium. In this regard, considering the 
involvement of neurotrophic factors BDNF and GDNF 
in the pathophysiology of BD as described above and 
regarding the studies implicating the effect of lithium 
on neurotrophic factors (17, 18), this study was 
designed to simultaneously evaluate the direct effect 
of lithium on GDNF and BDNF in neurons, astrocytes 
and also a mixed neuron-astrocyte culture to 
determine the possible effect of lithium on neuron-
astrocytes interaction. 

  

Materials and Methods 
Preparation of rat primary neuronal, astrocyte 
and neuro-astroglial cultures 

The experimental protocol of this study was 
approved by the animal ethics committee of Shiraz 
University of Medical Sciences, Shiraz, Iran.  

Embryonic cortices were obtained from 18-day 
embryos of Sprague-Dawley rats (22). Cortices were 
dissected and triturated in cold Hank’s Balances Salt 
solution followed by centrifugation at 800 g for 10 
min. Precipitated cells were resuspended in Hank’s 
Balances Salt solution and used for different primary 
cultures as previously described (22). Briefly, 
neuronal cells (3.5×106) were seeded in 60mm 
polyethylene imine (PEI)-coated dishes in 
neurobasal media (Gibco, USA) supplemented with 
2% B-27, 2 mM L-glutamine, 50 U/ml penicillin and 
50 µg/ml streptomycin. To prepare astroglial 
culture, dissociated cells (10-20×106) were 
transferred to 175-cm2 un-coated culture flasks in 
Dulbecco's Modified Eagle's Medium (DMEM) 
containing horse serum (10%), L-glutamine (2 mM), 
penicillin (50 U/ml), and streptomycin (50 μg/ml), 
as previously described (22).  Upon reaching 
confluence, astrocytes were separated using 
standard shaking procedures for 72 hr. During 
shaking procedure, the media was changed every 24 
hr to remove all cells, except astrocytes, that were 
detached from the flask. After 72 hr, the purified 
astrocytes were detached using trypsin–EDTA 
(0.05%) and seeded in 10 cm PEI-coated dishes, 
containing the same culture medium as above. Horse 
serum was replaced with 1% G5 as a serum free 
supplement, before exposing the cells to lithium.  

Mixed Neuro-astroglia culture was prepared as 
previously described (22). Dissociated cells (5×106) 

were seeded in PEI-coated dishes in DMEM medium 

with 10% horse serum, 2 mM L-glutamine, 50 U/ml 
penicillin and 50 µg/ml streptomycin. After 72 hr, 
B27 (1%) was added to the culture medium. On the 
4th day, 1.5 mM leucine-leucine methyl ester was 
added to the medium to deplete microglia from 
neuron-glia mixed cultures. On the 8th day, horse 
serum was replaced with 1% G5 supplement, before 
exposing the cells to lithium. 

Cultures were kept at 37°C in a- 95% O2/5% CO2 

humidified incubator. The cells were exposed to 
lithium (1mM) or vehicle for 24 hr (acute treatment) 
or seven days (chronic treatment) (18, 23, 24). The 
Cultures’ media were replenished every other day 
during the seven days of lithium exposure.   

The purity of cell cultures and the cell type 
proportions in each culture was determined by 
immunocytochemistry as described previously (22) 
using specific antibodies against specific markers of 
neurons (MAP-2) and astrocytes (GFAP) and DAPI 
were used for counting cells (22).  At the time of 
lithium treatment, the enrichment of neuronal and 
astrocyte cultures was more than 90%. The mixed 
neuro-astroglia cultures were comprised of 
approximately 55% astrocytes and 44% neurons. 
 
Quantitative RT-PCR for BDNF and GDNF 

Total RNA was extracted by phenol-chloroform 
extraction method using TriPure Isolation reagent in 
accordance with manufacturer instruction (25). cDNA 
was synthesized from 1μg total RNA using RevertAid 
H Minus First Starnd cDNA Synthesis Kit according to 
manufacturer guidelines. The relative levels of BDNF 
[RefSeq: NM_012513], GDNF [RefSeq: NM_019139] 
and GAPDH [RefSeq: NM017008.3] mRNAs were 
determined by quantitative real time PCR assay using 
ABI PRISM 7500 real-time PCR system (Applied 
biosystem, USA). Specific primers were designed with 
Allele ID software (version 6). The primers were: for 
BDNF, forward primer 5’-CAA AGC CAC AAT GTT CCA 
CCA G-3’, and reverse primer 5’- GCC CAT TCA CGC 
TCT CCA G -3’; for GDNF, forward primer: 5’- CGC TGA 
CCA GTG ACT CCA ATA TG -3’, and reverse primer: 5’- 
TTG ACC ATT TGC CTG AAT GTG TG-3’; and for 
GAPDH: forward primer 5’- CGT GAT CGAGGGCTGTTG 
G-3’, and reverse primer 5’-CTGCTTCAGTTG GCC TTT 
CG-3’. Primers were designed to span exon-exon 
junction in order to preclude the amplification of 
genomic DNA. The target amplicon sizes were 179bp, 
121bp and 97 bp for BDNF, GDNF and GAPDH, 
respectively. The threshold cycles (Ct) of samples 
were used to calculate the ratio of expressions 
between lithium treated and untreated samples using 
Pfaffl method (26). 
 
ELISA for quantification of intracellular and 
extracellular BDNF and GDNF protein levels 

The intracellular and extracellular amounts of 
BDNF or GDNF protein were determined. For 
intracellular protein measurement, cells were lysed 
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using NP40 buffer. For determination of extracellular 
BDNF or GDNF, media was collected after each time 
that culture media was refreshed i.e. one day after 
acute treatment and every other day during chronic 
lithium treatment. Samples were stored at -70 °C until 
use. Total protein was measured by Bradford method 
(27) using 6 concentrations of BSA as standards. 
Intracellular and extracellular BDNF or GDNF protein 
levels in samples (media and cell lysates) were 
determined by BDNF Emax Immuno Assay or GDNF 
Emax Immuno Assay ELISA systems (Promega, USA) 
according to the manufacturer guidelines and 
expressed as pg per mg of total protein. In brief, acid 
treated samples and standards were added to wells 
precoated with anti-BDNF or anti-GDNF monoclonal 
antibody and incubated overnight. Wells were washed 
and horse raddish peroxide (HRP) conjugate was 
added and incubated with tetramethylbenzidine as 
the HRP substrate at room temperature for 15 min. 
After adding stop solution, the absorbance was 
measured at 450nm in a micro-plate reader (Micura, 
England). The BDNF and GDNF concentrations were 
interpolated from the standard curves using samples 
with known BDNF or GDNF concentrations. The intra-
assay and inter-assay coefficient of variance was 6% 
and 10%, respectively. 

 
Statistical analysis  

Data were expressed as mean±SEM.  To compare 
BDNF or GDNF gene expressions between lithium- 
and vehicle-treated cells, Pfaffl method was used by 
REST software (REST-384-beta) (26) due to different 
amplification efficiency of BDNF, GDNF and GAPDH. 
Differences between lithium- and vehicle-treated 
cells in BDNF or GDNF protein levels were assessed 
by paired t-test. In addition, to compare the effect of 
lithium on BDNF or GDNF between three studied 
cultures, the percent changes from control of each 
culture were analyzed using one way ANOVA 
followed by Post hoc LSD test. Statistical analyses 
were performed using SPSS version 18 and a P value 
of < 0.05 was considered statistically significant. 

Results 
Effects of acute and chronic lithium treatment on 
BDNF and GDNF mRNA levels 

Chronic lithium treatment down-regulated BDNF 
mRNA level in mixed neuro-astroglial, neuronal and 
astroglial cultures by the factor of 1.40±0.36, 1.34±0.31 
and 1.06±0.40, respectively, in com-parison with 
respective vehicle treated culture (Figure 1a). However, 
these changes were not statistically significant 
(P<0.05). In addition, acute lithium treatment up-
regulated BDNF mRNA level by the factor of 1.14±0.17 
in mixed neuro-astroglial culture while down-regulated 
BNDF mRNA by the factor of 1.31±0.43 and 1.28±0.31 
in neuronal and astroglial cultures, respectively,  as 
compared with respective vehicle treated cultures 
(Figure 1a). Again, the differences between lithium and 
vehicle treated cultures were not statistically significant 
(P>0.05). 

Chronic lithium treatment increased the GDNF 
mRNA level in astrocytes and neuro-astroglial 
cultures by the factor of 1.10±0.19 and 1.23±0.59, 
respectively, as compared to vehicle-treated cultures 
(Figure 1b). However, these changes were not 
statistically significant (P>0.05). Acute lithium 
treatment reduced GDNF mRNA levels in mixed 
neuro-astroglial and astrocyte cultures by the factor 
of 1.69±053 and 1.04±0.39, respectively, in 
comparison with vehicle treated cultures (Figure 
1b), but these changes did not reach statistical 
significance (P>0.05). 

 
Effects of acute and chronic lithium treatment on 
intracellular BDNF and GDNF protein levels 

Chronic lithium treatment significantly increased 
BDNF intracellular protein level by the factor of 3.39 
(P<0.05) in neuronal, but not in mixed neuro-
astroglial and astrocytes, culture as compared to 
vehicle (Figure 2a). In addition, acute lithium 
treatment exerted no significant effect on 
intracellular BDNF protein levels in three studied 
cultures in comparison with vehicle treated cultures 
(Figure 2a).       

 

         
 
Figure 1. Effects of acute (1 mM for 1 day) and chronic (1 mM for 7 days) lithium treatment on BDNF (a) and GDNF (b) mRNA level in rat 
primary mixed neuro-astroglial, neuronal and astroglial cultures in comparison to vehicle treated cultures (control, 100 µl sterile distilled 
water). Data are presented as mean±SEM 
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Figure 2. Effects of acute (1 mM for 1 day) and chronic (1 mM for 7 days) lithium treatment on BDNF (a) and GDNF (b) intracellular 
protein level in rat primary mixed neuro-astroglial, neuronal and astroglial cultures in comparison to vehicle treated cultures (control,          
100 µl sterile distilled water). Data are presented as mean±SEM. *P< 0.05 was considered as significantly value 

 
Chronic lithium treatment significantly increased 

intracellular GDNF protein levels in astrocyte culture 
by the factors of 4.78 ± 1.66 in comparison to vehicle 
(P<0.05) (Figure 2b). Although chronic lithium 
treatment increased intracellular GDNF in mixed 
neuro-astroglial culture by the factor of 1.63±0.43 
compared with vehicle, but it was not statistically 
significant (P >0.05).  Acute lithium treatment had no 
significant effect on intracellular GDNF protein levels 
in mixed neuro-astrolglia and astrocytes cultures in 
comparison with respective vehicle treated cultures 
(P >0.05) (Figure 2b).   
 
Effects of acute and chronic lithium treatment on 
extracellular BDNF and GDNF protein levels 

Chronic lithium treatment raised extracellular 
BDNF protein levels in mixed neuro-astroglial, 
neuronal and astrocyte cultures by the factor of 
1.05±0.05, 1.06±0.05 and 1.04±0.15, respectively, 
but the differences were not statistically significant 
in comparison with vehicle (P>0.05) (Figure 3a). 
Furthermore, acute lithium treatment had no 

significant effect on extracellular BDNF protein levels 
in three studied cultures as compared to vehicle 
(P>0.05) (Figure 3a).  

Chronic lithium treatment non-significantly 
increased extracellular GDNF protein levels in mixed 
neuro-astroglial and astrocytes cultures by the factor 
of 1.15±0.14 and 1.01±0.15 in comparison with 
vehicle (Figure 3b). Acute lithium treatment exerted 
no significant effects on extracellular GDNF protein 
levels in mixed neuro-astroglial and astrocytes 
cultures as compared to vehicle (P>0.05) (Figure 3b). 

 

Discussion 
The present study showed that chronic, but not 

acute, lithium treatment increased intracellular 
BDNF protein levels in neurons and GDNF protein 
levels in astrocytes. These findings suggest that 
lithium may exert its properties through its direct 
effect on both neurons and astrocytes but 
independent of an interaction between neurons and 
astrocytes, at least under non-stressful condition 
used in this study. In addition, it can be suggested

 

           
Figure 3. Effects of acute (1 mM for 1 day) and chronic (1 mM for 7 days) lithium treatment on BDNF (a) and GDNF (b) extracellular 
protein level in rat primary mixed neuro-astroglial, neuronal and astroglial cultures in comparison to vehicle treated cultures (control,            
100 µl sterile distilled water). Data are presented as mean±SEM 
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that a combination of different neurotrophic factors 
and a cell-type specific pattern contribute to 
neuroprotective effects of lithium. This may be due 
to the fact that many neurotrophic factors are mainly 
specific for a certain cell type i.e. astrocytes are the 
main source of GDNF synthesis (28) while BDNF is 
produced more specifically by neurons (29). 
Therefore, lithium may affect a neurotrophine factor 
which has a prominent function for a given cell.  

In the current study, chronic but not acute lithium 
treatment increased intracellular BDNF protein 
levels in neuronal culture. Increased intracellular 
BDNF protein levels has been observed after 5-day 
(but not after 3 or 7-day) lithium treatment (1mM) 
in rat cortical neuronal culture (23). On the contrary, 
there is a report that lithium (1 mM) increased and 
decreased intracellular BDNF levels after 3 and 5 
days, respectively, in rat neuronal cortical culture as 
compared to untreated culture (18). The reasons for 
discordant findings of the two studies after 5-day 
lithium treatment and the time dependent effect of 
lithium on intracellular BDNF protein levels in these 
studies are not clear. Although an increase in the 
secretion of BDNF was proposed to underlie the 
decreased BDNF level after 5-day lithium treatment, 
but this might be related to the unstable condition of 
their experiment as can be implied from the 
increased BDNF levels in their untreated neuronal 
culture after 5 days (18). In addition, our study 
showed that 7-day lithium treatment had no 
significant effect on extracellular BDNF protein level 
in comparison with untreated culture under normal 
condition.  

Chronic lithium treatment had no effect on 
intracellular and extracellular BDNF protein levels in 
astrocytes culture. To our knowledge, there is no 
study evaluating the effects of lithium on BDNF in rat 
primary astrocytes culture for comparison. However, 
there is a report that 7-day lithium (0.1-3 mM) 
exposure had no significant effect on intracellular 
BDNF level but decreased extracellular BDNF protein 
levels in human astrocytoma cell line (24). These 
inconsistent findings may be related to the 
differences in the nature of cancerous cell lines as 
opposed to primary cells used in this study. 

Chronic lithium treatment exerted no significant 
effect on intracellular and extracellular BDNF and 
GDNF protein levels in neuro-astroglia cultures. No 
similar study was found for comparison. However, 
our findings suggest that lithium had no effect on 
neurons-astrocytes interactions in regard to BDNF 
and GDNF levels, at least under normal situation.  

Lithium increased intracellular neuronal BDNF 
and astrocytes GDNF protein levels while had it no 
effect on extracellular protein levels of these 
neurotrophic factors. The exact reason for this 
observation is not clear. However, activation or 
stimulation of astrocytes or neurons and neurons or 
astrocytes injury may contribute to increased 

extracellular neutrophic factors (30). Therefore, it is 
possible that the increased intracellular astrocytes 
GDNF and neuronal BDNF levels that were caused by 
lithium act as reservoir to be secreted following a 
stress or injury when astrocytes or neurons become 
activated (24). This notion can be addressed in 
future studies evaluating the effects of lithium on 
intracellular and extracellular GDNF and BDNF levels 
under stressful conditions such as oxidative stress. 

Acute and chronic lithium treatment had no 
significant effects on BNDF and GDNF mRNAs. In 
accordance with our findings, other studies have also 
reported that lithium had no effects on BDNF mRNA 
(24, 31). The discordant increase in BDNF protein 
level with no change in BDNF mRNA following 
lithium treatment suggests that lithium may regulate 
BDNF level via post-translational modification to 
improve protein stability or prevent protein 
degradation. However, it is difficult to explain why 
lithium had no effect on GDNF mRNA because the 
regulatory mechanism of GDNF mRNA has not been 
completely clarified (32).  

Increased levels of BDNF in neurons and GDNF in 
astrocytes following chronic lithium treatment have 
important clinical implications. It was proposed that 
lack of neurotrophic factors such as GDNF could be 
responsible (12), at least partly, for the reduced gray 
matter volume and glial loss in BD brain (33). 
Interestingly, lithium increased gray matter volume 
in BD brain (34) suggestive of inhibition of glial cell 
loss (35).  It is possible that lithium may protect 
astrocytes from apoptosis by increasing GDNF (36), 
possibly through enhanced levels of bcl-2 (22, 37), 
and in turn, reduction of glial loss in BD. 

In addition, reductions in neuronal size and 
density in cortical areas and limbic systems of brain 
BD (38) were proposed to be indicative of 
diminished glial ability to support neuronal survival 
or plasticity (38). GDNF has been shown to have 
neuroprotective effects (39, 40), thus, lithium may 
prevent glial loss by increasing astrocytes GDNF, and 
possibly in turn, may restore neuronal abnormality 
and damage in BD. 

Increased neuronal BDNF that was induced by 
lithium may be complementary to its ability to 
improve neuronal plasticity in glial cells. Impaired 
neuroplasticity has been indicated as an important 
feature of BD (3) which was attributed to a 
deficiency in BDNF (11). In the present study, we 
observed increased neuronal BDNF following 
chronic lithium treatment, which may be relevant to 
lithium effects on normalizing neuroplasticity and its 
beneficial effects in the treatment of BD. 

 

Conclusion  
The current findings of increased neuronal BDNF 

accompanied by increased astrocyte GDNF protein 
levels following chronic lithium treatment suggest 
that lithium may exert its neuroprotective effect by 
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affecting neurotrophins in both neurons and 
astrocytes in an independent cell-type specific 
manner. These findings may be relevant to the 
therapeutic effects of lithium in prevention of BD 
brain from glial loss and restoration of neuronal 
abnormality and damage in BD. 
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