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Abstract

No systematic investigation considering BDNF and its receptor TrkB has been conducted on the
effects of mood-stabilizing drugs. We therefore decided to quantify BDNF production and the ex-
pression of TrkB-T1 receptor and PLCy in astrocytoma. 1321N human astrocytoma cells were
grown to a sufficient quantity in 5% fetal calf serum (FCS). The mood-stabilizing drugs Li and VPA
were added to the therapeutic concentrations of 1 mM and 600 pM, respectively. The production
of BDNF was determined by an enzyme-linked immunosorbent assay. The expressions of TrkB-T1
and PLCy were determined by Western blot. The production of BDNF was significantly higher on
Day 7 in the VPA samples (P < 0.05) and was significantly suppressed beginning on Day 1 in the Li
samples (P < 0.05). TrkB-T1 expression, in contrast to BDNF production, was significantly higher
in the VPA samples (P < 0.05) but did not change in the Li samples. PLCy expression did not change.
Li and VPA seem differently affect BDNF production and TrkB-T1 (BDNF receptor) expression.
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1. Introduction

Bipolar disorder, a manic-depressive disease, persists throughout life in 0.8% of those afflicted [1]. Refractory to
treatment, bipolar disorder often recurs repeatedly. This serious disease is sometimes marked by rapid cycling
between manic-depressive episodes, which hinders the social activities of patients. Tsuang and Winokur claim
that 15% of patients have a good prognosis, 45% suffer repeated recurrences, 30% experience partial remission,
and 10% develop a chronic form of the disease [2].

Mood stabilizing drugs, and particularly lithium (Li) and valproic acid (VPA), are the primary treatment for
bipolar disorder. Lithium was first shown to be effective in bipolar disorder by Schou et al., and is still a first-
line treatment [3]. Lithium acts by blocking inositol monophosphatase (IMPase) to deplete inositol levels and
thereby induce inositol phosphate desensitization [4]. The inhibition of the serine-threonine kinase GSK-38,
which controls synaptic plasticity and apoptosis [5], and the increases in bcl-2, a signal transduction molecule
responsible for neurogenesis and protection [6], have received recent focus as likely mechanisms of action. Val-
proic acid is also widely used in treatment. The mechanism of VPA shares commonalities with Li, such as its
actions on the inositol phospholipids and effects on GSK-34 and bc1-2 [7], but there is a paucity of data to assist
with the selection of mood-stabilizing drugs in the clinic because many aspects of the mechanisms of action of
these two mood-stabilizing drugs remain unclear.

Recent research has established a link between depression and brain-derived neurotrophic factor (BDNF). The
most plentiful neurotrophic factor in the brain, BDNF maintains nerve growth, regulates neurotransmitter levels,
and plays an important role in learning, memory, and other elements of neuroplasticity. In patients with depres-
sion, serum BDNF levels decrease in proportion to disease severity and normalize in proportion to the degree of
symptom improvement achieved with antidepressant therapy [8]. The number of nerve cells in the hippocampal
region decreases in depression. This decline is reversed and symptoms improve with antidepressant therapy [9],
so increasing BDNF levels accompanying antidepressant therapy is thought to promote neurogenesis and there-
by alleviate depression. It has been suggested that BDNF-associated neurogenesis and neuroprotection contri-
bute substantially to the pathophysiology of bipolar disorder [10].

A link between mood disorders and astrocytes is being increasingly claimed as knowledge about not only
nerve cells but also glial cells and particularly astrocytes grows. Astrocytes outnumber nerve cells ten to one in
the brain, where they provide a physical support for nerve cells and form the blood-brain barrier. Astrocytes also
regulate neurotransmitter levels in synaptic clefts, produce BDNF, provide relief during cerebral ischemia, and
contribute to the pathology of neurodegenerative diseases. Patients with mood disorders have a significantly
lower number of glial cells in the prefrontal cortex and amygdale [11] [12], which strongly suggests that reduced
glial function is related to mood disorders.

Lithium, VPA, and several other mood-stabilizing drugs are first-line therapies for patients with bipolar dis-
order, but no systematic research covering BDNF, its receptor, and secondary messengers has been conducted
on their mechanism of action and particularly on the effects on astrocytes. Elucidating the effects of mood-sta-
bilizing drugs on astrocytes would provide new data to unlock the mysteries of bipolar disorder pathogenesis
and allow clinicians to better select therapeutic drugs based on BDNF levels of their patients in the clinic. This
research, with a focus on BDNF, its receptor, and secondary messengers, analyzes BDNF production and the
expression of the TrkB-T1 receptor and PLCy in 1321N1 human astrocytoma treated with therapeutic concentra-
tions of the mood-stabilizing drugs Li and VPA.

2. Methods

2.1. Drugs Used

Sodium valproate (VPA) was kindly donated by Kyowa Hakko Kogyo Co., Ltd. (Tokyo, Japan), and lithium
chloride (Li) was purchased from Wako Pure Chemical Industries, Ltd. (Osaka, Japan).

2.2. Cell Culture

1321N1 human astrocytoma cells were cultured in Dulbecco’s modified Eagle medium containing 5% fetal calf
serum (FCS), 50 U/mL penicillin, and 5 pg/mL streptomycin inside an incubator maintained at 37°C, 5% CO,,
and 95% air. After the cells were cultured for an appropriate time, the medium was replaced with medium lack-
ing FCS. The cells were treated with Li diluted to a concentration of 1 mM and VPA diluted to a concentration
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of 600 PM.

2.3. BDNF Protein Measurement

1321N1 astrocytoma cells were treated with Li and VPA. Culture medium supernatant was collected on Days 1,
3, 5, and 7 and stored at —80°C until analysis. The BDNF Emax® immunoassay system by Promega (Madison,
WI, USA) was used to measure BDNF protein levels. Anti-BDNF monoclonal antibodies were diluted by a fac-
tor of 1000 in carbonate coating buffer, and 100 pL was added into Nunc MaxiSorp™ (Nunc, Roskilde, Den-
mark) 96-well enzyme-linked immunosorbent assay plates, which were then incubated overnight at 4°C. The
carbonate coating buffer was discarded, and the wells were washed with tris-buffered saline (pH 7.5) with
0.05% Tween 20 (TBST) wash buffer and then blocked for 1 hour at room temperature with block and sample
buffer. The BDNF standard was diluted by a factor of 2000 with block and sample buffer and a 7-step serial di-
lution was prepared over the concentration range of 500 pg/mL to 7.5 pg/mL. The wells in two columns were
analyzed in duplicate to prepare a standard curve. Then the samples were added to the wells and shaken at room
temperature for 2 hours. The wells were washed five times with TBST. Anti-human BDNF polyclonal antibo-
dies were diluted by a factor of 500 with block and sample buffer and then added to each well. The plates were
shaken at room temperature for 2 hours. The wells were then washed five times with TBST. Next, anti-IgY la-
beled with horseradish peroxidase was added. The wells were shaken for 1 hour at room temperature and then
washed five times with TBST. Finally, a chromagen substrate (3,3’,5,5’-tetramethylbenzidine; TMB) solution
was added to each well. The wells were shaken at room temperature for 10 minutes, the reaction was quenched
with 1 N hydrochloric acid, and absorbance (450 nm) was measured with a microplate reader (Bio-Rad Labora-
tories, Hercules, CA, USA).

2.4. Western Blot

Protein levels were determined by the Western blot method because TrkB-T1, PLCy, and the internal standard
GADPH, whose expression is constant, were used. As in the BDNF measurement, 1321N1 astrocytoma cells
treated for 1, 3, 5, and 7 days with Li and VPA were collected, lysed in a lysis buffer, and centrifuged. The su-
pernatant was collected and protein quantification was conducted with the Lowry method to achieve a level of
30 pg. To the analyzed samples was added buffer for sodium dodecylsulfate (SDS) treatment [225 mM tris-HCI
buffer (pH 6.8) containing 30% glycerol, 6% SDS, 0.009% bromophenol blue, 9% 2-mercaptoethanol] at a vo-
lumetric ratio of 2:1. The samples were boiled at 100°C for 10 minutes. Following SDS treatment, the samples
were subjected to electrophoresis (35 mA/plate) at room temperature on polyacrylamide gel (3% concentrating
gel and 8% separating gel). After electrophoresis, the gel was blotted at 120 mA for 90 minutes on a polyvinyli-
dene difluoride (PVDF) membrane activated with 100% methanol. This was followed by blocking overnight
with 5% skim milk dissolved in 10 mM Tris-HCI buffer (pH 7.5) containing 100 mM NaCl and 0.1% Tween 20).
The PVDF membrane was diluted 500-, 1000-, and 2000-fold with 3% skim milk (dissolved in TBST) and al-
lowed to react for 2 hours at room temperature with TrkB-T1 antibody, PLCy antibody, and GAPDH (glyceral-
dehyde-3-phosphate dehydrogenase) antibody as primary antibodies and then washed five times for 5 minutes
each time with TBST. The gel was then reacted with peroxidase-labeled anti-mouse IgG antibody or anti-rabbit
1gG antibody diluted with 3% skim milk (dissolved in TBST) as the secondary antibodies for 1 hour at room
temperature and then washed five times for 5 minutes each time with TBST. The PVDF membrane was then
reacted for 1 minute with ECL™ Detection Reagent (GE Healthcare, Buckinghamshire, England). X-ray film
was then exposed to detect an antibody-positive blot. The X-ray film was developed and scanned into a comput-
er. Protein expression was then quantified with the image analysis application Image-J software (National Insti-
tutes of Health, Bethesda, MD, USA).

2.5. Data Analysis

The data presented in this dissertation are expressed as mean + standard deviation (mean + S.D.). The TrkB-T1
and PLCy data obtained by the Western blot method were corrected with GAPDH as the internal standard and
are expressed relative to the control, which has a value of 1. Values were compared using one-way analysis of
variance, and Scheffe’s F test was used as a post hoc test. P values less than 0.05 were taken to constitute statis-

tical significance.
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3. Results
3.1. Effects of Li and VPA on BDNF Production

Changes over time in BDNF production following treatment with 1 mM Li and 600 uM VPA are shown in
Figure 1. The production of BDNF did not differ in the control and VPA samples to Day 5, but was significant-
ly suppressed from Days 1 to 7 in the Li samples (p < 0.05). Production was significantly higher in the VPA so-
lution than the control on Day 7 (p < 0.05).

3.2. Effects of Li and VPA on TrkB-T1 Expression

The expression of TrkB-T1 in the groups did not differ on Day 1 (Figure 2), but was significantly higher in the
VPA group beginning on Day 3 (p < 0.05). Western blots on Day 7 are shown in Figure 3. Expression in the Li
group was comparable to that in the control (Figure 4).

3.3. Effects of Li and VPA on PLCy Expression

Lithium and VVPA treatment did not result in a difference in PLCy expression at any time point (Figure 5).

4. Discussion

Authors believe this research to be the first investigation quantifying BDNF production as well as TrkB-T1 and
PLCy expression in 1321N1 human astrocytoma cells treated with Li and VPA, because the literature lacks
mention of any previous study systematically comparing BDNF, its receptor, and secondary messengers. This
research is also the first to mention different actions of Li and VPA except our previous report [13].

Relative to the control, Li significantly suppressed BDNF production but did not significantly change the ex-
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Figure 1. Effect of VPA (600 uM) or Li (1 mM) on BDNF level in human as-
trocytoma 1321N1 cells. Cells were treated with VPA (600 uM) or Li (1 mM)
and incubated for 7 days. BDNF levels were measured by immunoassay. Each
column represents the mean + S.D. of experiments (n = 5 - 6). Statistically sig-
nificant differences were calculated using ANOVA with a post-hoc Scheffe test
(*p < 0.05).
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Figure 2. Effect of VPA (600 uM) or Li (1 mM) on BDNF level in human as-
trocytoma 1321NT1 cells. Cells were treated with VPA (600 uM) or Li (1 mM)
and incubated for 1 day. PLCy or TrkB-T1 levels were demonstrated by Western
blot method with GAPDH as an internal control.
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Figure 3. Effect of VPA (600 uM) or Li (1 mM) on BDNF level in human as-
trocytoma 1321N1 cells. Cells were treated with VPA (600 uM) or Li (1 mM)
and incubated for 7 days. PLCy or TrkB-T1 levels were demonstrated by West-
ern blot method with GAPDH as an internal control.
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Figure 4. Effect of VPA (600 uM) or Li (1 mM) on TrkB-T1 level in human as-
trocytoma 1321N1 cells. Cells were treated with VPA (600 uM) or Li (I mM)
and incubated for 7 days. TrkB-T1 levels were measured by immunoassay. Each
column represents the mean + S.D. of experiments (n = 5 - 6). Statistically sig-
nificant differences were calculated using ANOVA with a post-hoc Scheffe test
(*p <0.05).
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Figure 5. Effect of VPA (600 uM) or Li (1 mM) on PLCy level in human astro-
cytoma 1321N1 cells. Cells were treated with VPA (600 pM) or Li (1 mM) and
incubated for 7 days. PLCy levels were measured by immunoassay. Each column
represents the mean + S.D. of experiments (n = 5 - 6). Statistically significant
differences were calculated using ANOVA with a post-hoc Scheffe test (*p <

0.05).
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pression of PLCy or TrkB-T1 receptor. Valproic acid did not significantly change BDNF production to Day 5,
but production was significantly higher than in the control on Day 7. The expression of TrkB-T1 receptor was
significantly higher beginning on Day 3. As in the Li samples, PLCy expression did not differ significantly from
that in the control. These findings show that Li and VPA have different effects on BDNF production and TrkB-
T1 receptor expression in astrocytoma cells.

The BDNF receptor TrkB is known to exist as the following two types [14]: full-length catalytic TrkB (145
kDa) known as TrkB-FL and the truncated form of TrkB (95kDa) that lacks the tyrosine kinase domain. Neu-
rons express primarily TrkB-FL while astrocytes primarily express the TrkB-T1 truncated form, which lacks the
kinase domain. Astrocytes express 100 times more TrkB-T1 than TrkB-FL. PLCy is known to react downstream
of the TrkB-FL receptor, but the PLC subtype of TrkB-T1 remains unknown [14]. Lithium and VPA did not
change PLCy expression, which rules out a contribution of PLCy. The differences in the BDNF data in this re-
search may be indicative of differences in TrkB-T1 receptor and TrkB-FL functionality.

In a study in the rat brain, Li increased BDNF in the frontal lobe, parietal lobe, and hippocampus, VPA in-
creased BDNF in the frontal lobe and hippocampus, and TrkB receptor expression was unchanged [15]. In our
research on astrocytoma cells, Li significantly suppressed BDNF and VPA significantly increased BDNF on
Day 7 relative to the control. The rat brain findings differ from our findings in astrocytoma cells in terms of Li
effects. In our experimental model [16]-[18], measurements were taken without neurotrophic factors acting on
the astrocytes by not adding FCS to the cultured cells in order to eliminate their effects on BDNF measurements.
Measurements beyond Day 7 were not possible because of dwindling cell numbers, because the cultured cells
are unable to survive long without FCS. Functional differences in nerve cells and astrocytes prevent the com-
parison of individual differences, but it should be noted that in primary cultured rat neurons grown in FCS-free
medium, treatment with 1 mM Li increased BDNF production on Day 3 but lowered production on Day 5 [19].
Differences in the type of experimental system may be responsible for the differences from the findings in rat
brain.

In the VPA samples, BDNF production was significantly higher than in the control on Day 7 and VPA also
increased TrkB-T1 expression in astrocytes, which indicates its mechanism of action may differ from that of Li.
A time-dependent increase in BDNF mRNA was seen 12 and 24 hours after cultured C6 glioma cells were
treated with VPA in another study [20]. This finding provides support to our data.

Lithium was first shown to be effective in bipolar disorder by Schou et al. [3] and is still a widely used mood-
stabilizing drug. Plentiful evidence supports its use. Lithium is thought to act on inositol phospholipids as well
as GSK-34 and bcl-2, but many uncertainties surround its mechanism of action. Little data are available to
guide choices of mood-stabilizing drugs in the clinic. Some doctors attempt a variety of drugs when administer-
ing treatment, requiring substantial time to stabilize symptoms. The elucidation of the specific mechanisms of
action of Li and VPA would help doctors considering mood-stabilizing drug options and also help with the se-
lection of multi-drug regimens. Confirmation that their mechanisms of action differ would be an important find-
ing for the clinical use of mood-stabilizing drugs.

Our research on changes in BDNF, TrkB-T1, and PLCy in astrocytoma cells treated with Li and VPA has
provided excellent reference data for the selection of mood-stabilizing drugs in the clinic. Findings regarding
BDNF are conflicting: BDNF has often been shown to be low in patients with depression and has also been
found to be low in untreated manic patients with bipolar disorder [21], but elevated in the hippocampal mossy
fiber of the postmortem brains of patients with bipolar disorder [22]. Mood-stabilizing drugs are thought to act
not only on BDNF but also a variety of other factors including neurogenesis, neuroplasticity, and cell survival in
the hippocampus. Lithium and VPA are both known to have these effects. Although many studies have indicated
the commonalities in the mechanisms of action of mood-stabilizing drugs, we believe this dissertation to be the
first report of mechanistic differences. Although neurotrophic factors hold great promise for disease treatment,
issues surrounding drug delivery and maintaining therapeutically effective concentrations hinder clinical appli-
cation. Therapeutic and pathologic research using astroglial cells is an important research field, which substan-
tially elucidates the mechanism of mood disorder treatments in terms of effects of neurotrophic factors. And our
discovery of differences in the effects of the two mood-stabilizing drugs will contribute to the future treatments.
Our research investigated BDNF, TrkB-T1, and PLCy in astrocytes. Further investigation of variation in and the
activity of other secondary messengers downstream of the TrkB-T1 receptor could further elucidate the me-
chanisms of action of Li and VPA. Additionally, a study of detailed BDNF expression in patients in the clinic
and changes in BDNF following treatment with mood-stabilizing drugs could yield more detailed findings.
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In view of the difference between the action of Li and that of VPA in this study, the authors aimed to detect
the difference during 1 week incubation period, which is relevant to the acute effect of the drugs. As a result, the
potency of VPA was assumed to be higher than that of Li in during this incubation period consistent to a clinical
practice of acute phase of manic state. Subsequently the difference of the potency during the following period
should be elucidated. The measurement of mMRNA of the surveyed proteins would be useful to clarify the ques-
tion.

5. Conclusion

We investigated BDNF production and the expression of TrkB-T1 (BDNF receptor) and PLCy in cultured as-
trocytoma cells treated with therapeutic concentrations of Li and VPA. In the Li-treated samples, TrkB-T1 and
PLCy expression was unaffected while BDNF production was significantly suppressed. In the VPA-treated sam-
ples, PLCy expression was unchanged while BDNF production and TrkB-T1 expression were significantly ele-
vated. Lithium and VPA disparately affected BDNF production and TrkB-T1 (BDNF receptor) expression.
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