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Abstract
Smad proteins are intracellular transducers for transforming growth factor-β (TGF-β signaling and
play a critical role in differentiation, tissue repair and apoptosis of the central nervous system. Both
TGF-β and its regulated gene, plasminogen activator inhibitor type-1 (PAI-1), have been implicated
in the etiology and progression of neurodegenerative diseases and mood disorders. We previously
reported that GSK-3β protein depletion suppresses Smad3/4-dependent gene transcription and causes
a reduction in PAI-1 expression. Here, we provide evidence that lithium, the drug for the treatment
and prophylaxis of bipolar disorder, inhibits Smad-dependent signaling by regulating cAMP-protein
kinase A (PKA), AKT-glycogen synthase kinase-3β (GSK-3β), and CRE-dependent signaling
pathways in neuron-enriched cerebral cortical cultures of rats. We demonstrate that lithium-induced
activation of these pathways inhibits Smad3/4-dependent gene transcription through an increase in
pCREBSer133 protein levels, an enhanced interaction between pCREBSer133 and p300/CBP, which
causes Smad3/4-p300/CBP complex disruption and transcriptional suppression of Smad3/4-
dependent genes. Therapeutic implications of our findings are discussed.
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Introduction
The mood stabilizer lithium has been used to treat bipolar mood disorder for over half a century,
although its therapeutic mechanisms remain unclear (reviewed in Manji and Zarate, 2002).
Recent clinical studies demonstrate that neuronal atrophy and loss of glial cells/neurons occur
in discrete brain areas of bipolar patients, and suggest that lithium and other mood stabilizers
may display their therapeutic effects in part via their neurotrophic and neuroprotective actions
(reviewed in Manji and Zarate, 2002; Gurvich and Klein, 2002; Rowe and Chuang, 2004). For
example, lithium treatment leads to an increase in the gray matter volume and N-acetyl-
aspartate levels in the brain of bipolar patients (Moore et al., 2000a, 2000b). Lithium also
normalizes the loss of volume in discrete brain areas of bipolar patients (Drevets, 2001).
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Preclinical studies demonstrated that lithium is neuroprotective and neurotrophic in cellular
and animal models (reviewed in Chuang, 2004; Chuang and Priller, 2006), and that the
protective/trophic effects involve alterations in signal transduction and gene expression.
Hence, it has been proposed that lithium may have expanded use to treat a number of
neurodegenerative disorders.

Glycogen synthase kinase-3 (GSK-3) is one of the targets directly inhibited by lithium (Klein
and Melton, 1996; Stambolic et al., 1996). GSK-3 consists of α and β isoforms and is a key
kinase involved in the regulation of an array of transcription factors (reviewed in Grimes and
Jope, 2001a). Increasing evidence suggests that lithium elicits its neuroprotective/neurotrophic
effects primarily through inhibition of GSK-3 (Gould et al., 2004; Liang and Chuang, 2007).
Besides direct inhibition, lithium has been shown to indirectly inhibit GSK-3 through
phosphorylation of GSK-3α at Ser21 and GSK-3β at Ser9 by multiple mechanisms including
the activation of PKA (Jope, 1999a), phosphatidylinositol 3-kinase (PI3-K)-dependent AKT
(Chalecka-Franaszek and Chuang, 1999), protein kinase C (PKC) (Kirshenboim et al., 2004),
as well as the involvement of GSK-3 autoregulation (Zhang et al., 2003; Liang and Chuang,
2007). GSK-3 inhibition is also likely involved in the anti-depressant and anti-manic effects
of lithium observed in rodent models (Gould et al., 2004; Kaidanovich-Beilin et al., 2004;
O’Brien et al., 2004).

We have recently reported that the transcription factor Smad3/4 is a novel target for GSK-3 in
neurons (Liang and Chuang, 2006). Smad3/4 is a downstream mediator of the signaling
pathway triggered by transforming growth factor-beta (TGF-β) (Derynck and Zhang, 2003).
Binding of TGF-β to its serine/threonine kinase receptor induces phosphorylation of Smad2
and Smad3. The phosphorylated Smad proteins then form a complex with Smad4 followed by
translocation to the nucleus where they interact with other gene-specific transcription factors
to regulate gene transcription (reviewed in Derynck and Zhang, 2003; Shi and Massague,
2003). Smad3/4 has a prominent role in regulating the expression of proteins involved in
neuronal survival/death, differentiation, and plasticity (reviewed in Sanyal et al., 2004; Gomes
et al., 2005). One of the Smad3/4-regulated protein targets is plasminogen activator inhibitor
type-1 (PAI-1, also referred to as Serp1), which binds and inactivates tissue-type plasminogen
activator (tPA), a multifaceted protein implicated in neurite outgrowth (Krystosek and Seeds,
1981), neuronal migration (Moonen et al., 1982; Seeds et al., 1999), learning (Qian et al.,
1993; Seeds et al., 1995), excitotoxicity (Tsirka et al., 1995), synaptic plasticity (Baranes et
al., 1998; Fiumelli et al., 1999; Neuhoff et al., 1999), stress response (Pawlak et al, 2003;
2005), and pathogenesis of mood disorders (Eskandari et al., 2005; Tsai, 2006). Using small
interfering RNA (siRNA) and dominant negative mutants specific to GSK-3α and GSK-3β,
we recently reported that GSK-3α inhibition causes an upregulation of Smad3/4-dependent
transactivation and PAI-1 protein levels, while inhibition of GSK-3β induces a downregulation
of Smad3/4 transactivation and PAI-1 expression (Liang and Chuang, 2006).

In addition to acting on GSK-3, lithium modulates the 3’,5’-cyclic adenosine monophosphate
(cAMP)-protein kinase A (PKA) signaling pathway. In general, lithium raises basal levels, but
suppresses stimulus-induced increase in cAMP and PKA activity. This bimodal action of
lithium has been proposed as the biochemical basis underlying lithium’s anti-depressant and
anti-manic efficacy (Jope, 1999b). Consistent with this notion, alterations in the cAMP-PKA
signaling system have been found in the brain of bipolar patients (Chang et al., 2003).
Activation of PKA results in phosphorylation of cAMP-responsive element binding protein
(CREB) at Ser133 and hence causes an increase in its transcriptional activity. Phosphorylated
CREB in conjunction with CREB binding protein (CBP) or p300 has been shown to mediate
the transcriptional activation of prominent neuroprotective proteins such as Bcl-2 and brain-
derived neurotrophic factor (BDNF) (reviewed in Grimes and Jope, 2001a). CREB can also
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be activated through inhibition of GSK-3, which negatively regulates CREB through
phosphorylation at Ser129 (reviewed in Grimes and Jope, 2001b).

The above mentioned observations underscore the complexity of the signaling pathways
involved in the regulation of Smad3/4-dependent transcriptional activity. Lithium, which
inhibits both GSK-3 isoforms, was thus investigated for its regulation of Smad/PAI-1 gene
transcription possibly through CREB activity and the CRE-dependent signaling pathway. In
this study, we first attempted to examine whether lithium modulates Smad3/4-dependent
transactivation of target genes, notably PAI-1 and p21 in neuron-enriched cerebral cortical
cultures from rats. We then investigated the role of lithium-induced activation of PKA and
AKT, and inhibition of GKS-3 in regulating Smad3/4-dependent transcription and gene
expression. Finally, we studied the role of p300/CBP and CREB in modulating lithium’s effects
on Smad3/4-dependent transactivation.

Results
Lithium inhibits Smad3/4-dependent transcriptional activation and reduces Smad3/4-
dependent gene promoter activity of PAI-1 and p21 in neuron-enriched cortical cultures

We previously reported that protein depletion of GSK-3 isoforms α and β through isoform-
specific RNA interference caused an increase and decrease, respectively, in Smad3/4-
dependent transcriptional activity in cultured cortical neurons (Liang and Chuang, 2006). Since
lithium is an inhibitor of GSK-3, we examined the effects of lithium on Smad3/4-dependent
transactivation by using Smad3/4-Luc, an artificial reporter construct consisting of repeats of
the Smad3/4-specific recognition sequence. In rat neuron-enriched cortical cultures, treatment
with LiCl for 72 h caused a concentration-dependent transcriptional suppression in the range
tested (0.5-3 mM) (Fig. 1a). In addition, treatment with 1.5 mM lithium caused a time-
dependent decrease in Smad3/4 transcriptional activity with a near maximum effect after 3
days (Supplementary Fig. 1a). In contrast, short-term treatment of the cortical cultures with 1,
3, or 5 mM lithium salt does not cause changes in Smad-dependent transcription for up to 16
h (Supplementary Fig. 1b). Moreover, lithium’s inhibitory effect on Smad3/4 transcriptional
regulation was also observed in neurons stimulated with TGF-β at 0.5, 1, and 3 ng/ml
concentrations (Fig. 1b).

TGF-β stimulation of cortical cells for 24 h caused an increase in protein levels of PAI-1, a
TGF-β-targeting gene (Fig. 1c). Lithium’s therapeutic effects in treating biplolar disorders and
its neuroprotective functions in in vitro models are known to take effect only after chronic
administration of the drug. Thus, our data suggest that lithium’s inhibition on Smad3/4
transcription is likely an indirect effect that is regulated through other signaling pathways.
Additionally, due to potential toxicity of lithium salt in high concentrations, we consistently
exposed cortical cells to 1.5 mM lithium salt for 48 h in this study. By using p3TP-Luc, a
PAI-1 promoter reporter construct consisting of Smad3/4-TGF-β-responsive elements, we
observed a dose-dependent decrease in p3TP gene promoter activity in neurons treated with
lithium for 48 h (Fig. 1d). Similar results were observed in neurons transfected with other TGF-
β-responsive gene promoter constructs, p21P-Luc and p15-Luc, followed by lithium treatment
at various concentrations (Supplementary Fig. 1c and 1d). Cyclin-dependent kinase inhibitor
p21WAF/Cip1, also referred to as cdkn1a, has been known to be activated by p53 (reviewed in
Kumar et al., 2006;Maddika et al., 2007) or induced by TGF-β through a p53-independent
mechanism (Datto et al., 1995). Together, these results indicate lithium’s inhibitory effects on
Smad3/4-dependent TGF-β signaling.

Liang et al. Page 3

Mol Cell Neurosci. Author manuscript; available in PMC 2009 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Lithium suppresses Smad3/4-dependent transactivation partially through the PKA signaling
pathway

To study the involvement of cAMP/PKA signaling in lithium’s inhibitory effect on Smad3/4-
dependent gene expression, the PKA kinase assay was used to determine lithium’s ability to
modulate basal PKA activity in cultured cortical neurons. LiCl induced a concentration-
dependent activation of PKA with a 2.5-fold increase in activity after treatment with 1 mM for
24 h (Fig. 2a). The PKA activation was slightly decreased by treating the cultures with higher
concentrations of this drug. In support of the previous report that lithium treatment increases
intracellular levels of cAMP in human neuroblastoma cells (Montezinho et al, 2004), we found
that cAMP levels were significantly increased to 140 ± 5.6%, 157 ± 4.7%, and 148 ± 7.2% of
control after 24 h treatment of cortical cultures with 1.5 mM, 2 mM and 2.5 mM LiCl,
respectively. The viability of cortical cells treated with various concentrations of LiCl
determined by MTT staining or LDH release was not significantly affected under these
experimental conditions (data not shown).

Two cAMP-elevating agents were tested for their ability to affect Smad3/4-dependent gene
expression using Smad3/4-Luc. Pre-incubation of cortical cultures with the membrane-
permeable cAMP analog, 8-Br-cAMP, or the adenylate cyclase (AC) activator, forskolin, for
24 h resulted in a concentration-dependent decrease of basal Smad3/4-dependent
transcriptional activities (Supplementary Fig. 2a). These results strongly suggest that Smad3/4-
specific gene expression is negatively regulated by the activation of PKA signaling.
Conversely, treatment with PKA inhibitors such as KT5720, H-89 or PKI raised basal levels
of Smad3/4-specific transcriptional activity in a dose-dependent manner (Supplementary Fig.
2b), further supporting a negative role of PKA signaling in Smad3/4-dependent transactivation.
Under these experimental conditions, treatment with 2 mM lithium chloride for 48 h reduced
Smad3/4-dependent transcriptional activity by about 55% (Supplementary Fig. 2a and b).

To verify the stimulus specificity of PKA in antagonizing Smad3/4-specific TGF-β signaling,
cultured cortical neurons were transfected with the Smad3/4-Luc reporter construct, and then
pretreated with the PKA inhibitors KT5720 or H-89 for 4 h, followed by LiCl incubation for
48 h. We found that both KT5720 and H-89 strongly, although not completely, blocked lithium-
induced suppression of Smad3/4-dependent transactivation (Fig. 2b). Thus, lithium-induced
inhibition of Smad3/4-dependent activity was reduced from 51% to 17% and 21% by the
presence of KT5720 and H-89, respectively. These results suggest that lithium’s inhibitory
effect on Smad3/4 signaling is in part mediated through cAMP-dependent PKA activation.

Treatment of cortical cultures with lithium resulted in a decrease in levels of a TGF-β-
responsive Smad3/4-dependent gene, PAI-1, and an increase in levels of pCREBSer133 (Fig.
2c). Quantification of blots indicated that inhibition of PKA signaling with H-89 antagonized
lithium’s regulatory effects on gene expression of PAI-1 and pCREBSer133 (Supplementary
Fig. 2c). Similar to lithium, forskolin treatment resulted in decreased levels of PAI-1 and
increased expression of pCREBSer133, and H-89 pretreatment antagonized these forskolin-
induced effects (Fig. 2d).

The inhibition of AKT or PI3-K signaling partially blocked lithium’s inhibitory effects in
Smad3/4 signaling

Our previous study demonstrates a downregulation of TGF-β/Smad3/4 signaling by GSK-3β
protein depletion (Liang and Chuang, 2006). Lithium is known to inhibit GSK-3 indirectly
through PI3-K/AKT signaling (Chalecka-Franaszek and Chuang, 1999). We thus examined
whether the activation of AKT causes GSK-3β inhibition and results in changes in Smad3/4-
dependent transcriptional activation. As shown in Fig. 3a, overexpression of a constitutively
active form of AKT (AKT-CA), which serves as a GSK-3β inhibitor, suppressed Smad3/4
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transcription to an extent similar to that elicited by lithium (2 mM for 48 h). Additional
inhibitory effects were observed in cells transfected with AKT-CA and further treated with
lithium. Similar additional inhibitory effects were observed in neuronal cultures
overexpressing AKT-CA followed by 100 μM forskolin or 8-Br-cAMP treatment
( Supplementary Fig. 3a). Western blotting analysis demonstrated that AKT-CA
overexpression resulted in an increase and decrease in β-catenin and PAI-1 expression,
respectively (Supplementary Fig. 3b). Of interest, AKT-CA overexpression also caused an
increase in levels of pAKTThr308, similar to the effect of lithium.

Overexpression of AKT-dn, a dominant negative mutant form of AKT, reduced lithium-
induced Smad3/4-dependent transcriptional suppression by 22% (49% for lithium’s effect vs
27% for the effects of AKT-dn plus lithium; Fig. 3b). These results showed that the inactivation
of AKT signaling partially antagonized lithium’s negative regulation of Smad3/4-dependent
transcriptional activation. Similarly, cortical cultures treated with the PI3-K inhibitors
LY-294002 and Wortmannin dose-dependently increased Smad3/4 transcriptional activity and
partially blocked lithium-induced inhibitory effects on Smad3/4-dependent gene transcription
(− 28% for LY-294002 plus lithium and − 22 % for Wortmannin plus lithium vs 46% for lithium
alone; Fig. 3c). Our results to date indicate that lithium’s inhibitory regulation on Smad3/4
transcription is mediated through both PKA and PI3-K-dependent AKT signaling pathways.

Additionally, lithium-induced activation of these two signaling pathways resulted in an
increase in the protein level of pCREBSer133, which is indicative of increased CRE-dependent
transcription. Western blotting analyses further demonstrated that lithium treatment induced
an increase in protein levels of pAKTSer473 and pGSK-3αβSer21/9 and a decrease in PAI-1
protein levels (Fig. 3d). Importantly, these inducible effects were partially blocked by
pretreatment with LY-294002 (5 μM) (Fig. 3d), suggesting an involvement of PI3-K activation.
Conversely, GSK-3β inhibition by isoform-specific GSK-3β protein depletion and
overexpression of GSK-3β dominant negative mutant (R96A) resulted in a modest increase in
protein levels of pCREBSer133, pGSK-3βSer9 and anti-apoptotic protein Bcl-2 (Fig. 3e). This
data further supports the commonly recognized concept that activated AKT inhibits GSK-3β
to induce upregulation of pGSK-3βSer9 and pCREBSer133 (reviewed in Rowe and Chuang,
2004). Together, our results strongly suggest that activation of both AKT and PKA signaling
is involved in lithium’s inhibitory regulation on Smad3/4-dependent transcription through an
increase in the levels of pGSK-3βSer9 and pCREBSer133.

Lithium-activated CRE-dependent response is partially blocked by the inhibition of PKA and
AKT signaling

We previously reported that GSK-3β gene silencing activates cAMP-responsive gene
transactivation by 3-fold in cultured cortical neurons (Liang and Chuang, 2006). In addition,
treatment of cortical cultures with 1 mM LiCl for 5 days resulted in a 1.8-fold increase in CRE-
dependent transactivation (unpublished data). The ability of PKA activation to induce cAMP-
dependent transactivation in cortical cultures was thus examined by transfecting cortical cells
with pCRE-Luc reporter construct and then treating cultures with lithium or forskolin at various
concentrations for 48 h. As shown in Fig. 4a, both lithium and forskolin treatments activated
CRE-dependent transcription in a concentration-dependent manner. Treatment of cultures with
1.5 mM lithium salt and 50 mM forskolin yielded a marked increase in CRE-dependent
transcriptional activity above basal values (Fig. 4a). On the other hand, H-89 treatment caused
a 53% reduction in CRE-dependent transcriptional activity. Inactivation of PKA by H-89
inhibited lithium-induced CRE-dependent transcriptional upregulation by 23%. However,
PKA inhibition attenuated forskolin-induced CRE-responsive transactivation to a greater
extent (41%). These results imply involvement of additional signaling pathways in lithium’s
effects on CRE-dependent transactivation. In addition, lithium treatment caused a dose-
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dependent increase in protein levels of pCREBSer133, Bcl-2, Bcl-xL and to a lesser extent total
CREB, but a decrease in the expression of the pro-apoptotic protein Bax, as measured by
Western blotting analysis (Supplementary Fig. 3c). Inhibition of the cAMP/PKA signaling
pathway by H-89 pretreatment blocked/suppressed forskolin- or lithium-induced increase in
levels of pCREBSer133, pGSK-3βSer9 and Bcl-2, and also blocked forskolin- or lithium-elicited
decrease in Bax protein levels in cultured cortical neurons (Supplementary Fig. 3d). These
results demonstrate the proficiency of PKA signaling in activating CRE-dependent genes, and
suggest that cAMP/PKA signaling is involved in the modulation of lithium’s regulation on
CRE-dependent transactivation.

Our results suggest that lithium activates pCREBSer133 phosphorylation and CRE-dependent
transactivaton partially through AKT/GSK-3β and cAMP/PKA signaling pathways. We next
examined whether cAMP/PKA signaling predominantly regulates lithium’s upregulation in
CRE-dependent transactivation, because PKA can induce CREB serine133 phosphorylation
through two mechanisms: directly by phosphorylation of CREB and indirectly through the
inhibition of GSK-3β. As shown in Fig. 4b, overexpression of both AKT-dn and PKA-dn
mutants attenuated CRE-dependent transactivation to a similar degree (29% vs 23%). Lithium-
induced increase in CRE-dependent transcriptional activity was reduced by overexpression of
either AKT-dn or PKA-dn mutants. Overexpression of AKT-dn largely suppressed lithium-
induced increase in protein levels of pGSK-3αβSer21/9, pCREBSer133 and Bcl-2 (Fig. 4c),
although it was noted that AKT-dn alone also reduced the levels of pCREBSer133 and Bcl-2.
Collectively, our results demonstrate the critical roles of both PKA and AKT/GSK-3β signaling
pathways in lithium’s modulation on CRE-dependent transactivation and its downstream target
gene expression.

Inhibitory effects of lithium on Smad3/4 transactivation are partially mediated through CREB
We next investigated the role of CREB, a downstream effector of both AKT and PKA signaling,
in PKA-activated CRE-dependent transcription. Overexpression of the catalytic subunit of
PKA caused a 3-fold increase in CRE-dependent transcriptional activation (Fig. 5a). PKA-
induced CRE-dependent transcriptional upregulation was completely blocked by inactivating
endogenous CREB with exogenously expressed CREB dominant negative mutants, dn-
CREB133 (mutated PKA-specific phosphorylation site at serine 133, thus preventing
transcription) and dn-KCREB (mutated in DNA-binding domain, thus blocking CREB’s ability
to bind CRE) (Fig. 5a). These data were further supported by a reduction in protein levels of
several PKA-induced anti-apoptotic proteins including pCREBSer133, Bcl-2, and Bcl-xL in
neurons overexpressing both dominant negative mutant forms of CREB (Fig. 5b). These results
indicate that the PKA-CREB signaling cascade regulates CRE-dependent transactivation and
its downstream gene expression. Moreover, PKA activation by overexpression of the PKA
catalytic subunit caused an increase in pGSK-3αβSer21/9 phosphorylation levels, which was
partially blocked by dn-CREB133 overexpression and completely blocked by dn-KCREB
overexpression (Fig. 5b) raising the possibility of feedback regulation by CREB on PKA
activity or GSK-3 serine phosphorylation. Further, the overexpression of cotransfected-wild-
type CREB (wt-CREB) and the catalytic subunit of PKA resulted in an increase in protein
levels of pCREBSer133, pGSK-3αβSer21/9, Bcl-2, and Bcl-xL, similar to the effects of PKA
overexpression.

We subsequently determined whether CREB was able to interfere directly with Smad3/4-
dependent transcription. For this purpose, expression vectors for the catalytic subunit of PKA
or the wild-type CREB (wt-CREB) transcription factor were cotransfected together with
Smad3/4-Luc reporter vector into cultured neurons. As shown in Fig. 5c, overexpression of
either wt-CREB or PKA robustly suppressed Smad3/4-dependent transcriptional activation,
even to a greater extent than lithium’s effects. However, cotransfection of PKA and wt-CREB
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did not produce additional inhibitory effects, suggesting a convergent action. Overexpression
of dominant negative mutant dn-CREB133 or dn-KCREB largely blocked PKA-induced
suppression of Smad3/4-dependent transcription. The blocking action of dn-KCREB also
suggests that the effect of CREB on Smad3/4 transactivation was only partially dependent on
PKA activity. Similarly, CREB’s negative regulation in Smad3/4-dependent transcriptional
activation was observed in neurons treated with lithium (Fig. 5c) or overexpressing AKT-CA
constitutively active mutant (Fig. 5d). Moreover, dn-CREB133 or dn-KCREB overexpression
blocked AKT-CA-induced downregulation of Smad3/4-dependent transactivation. Thus, our
results indicate the interference of the PKA-CREB and AKT-CREB cascades with the Smad3/4
pathway. This cross-talk demonstrates a critical role of CREB and its upstream signalings in
the regulation of Smad3/4-dependent transcriptional activation.

Transcriptional coactivator, p300, recruited by activated CREB is critical to the interference
of PKA signaling and regulation of Smad 3/4-dependent TGF-β gene promoters, 3TP and p21

It has been documented that CBP and p300 function as essential transcriptional coactivators
for Smad-dependent gene expression and that competition for CBP/p300 could be a mechanism
to mediate signal-induced transcriptional repression (Hottiger and Nabel, 1998; Schiller et al.,
2003). CBP and p300 are also known to be coactivators of CREB (Chrivia et al., 1993). We
thus hypothesized that compensation of transcriptional coactivators by overexpressing either
CBP or p300 might reverse lithium’s inhibitory effects against TGF-β/Smad3/4-dependent
transactivation resulting from pCREB-CRE interaction. Accordingly, the effects of recruitment
of transcriptional coactivator CBP or p300 in the transcriptional regulation of TGF-β/Smad-
dependent gene targets were examined.

By using p3TP-Luc, a PAI-1 promoter reporter construct, we first demonstrated that lithium
suppressed 3TP promoter activity of the PAI-1 gene (Fig. 1c, and 6a and b). We found that
overexpression of both CBP and p300 increased basal PAI-1 promoter activities (Fig. 6a and
b), an observation suggesting limited availability of CBP/p300 in the cell nucleus and the role
of CBP/p300 as a Smad transcriptional coactivator. However, only histone acetyltransferase
(HAT)-deficient p300 (Fig. 6b), but not HAT-deficient CBP (Fig. 6a), inhibited basal PAI-1
promoter activity, suggesting that p300 is a primary transcriptional coactivator recruited by
transcription factors to the PAI-1 gene promoter. Of interest, overexpression of p300 (Fig. 6b),
but not CBP (Fig. 6a), completely antagonized lithium-induced reduction of PAI-1 promoter
activity. Importantly, lithium treatment increased pCREB-p300 complex formation but
decreased levels of pSmad2/3 (Ser433/435) in cortical cultures (Fig. 6c). This data strongly
suggests that immuno-precipitated p300 (IP-p300) bound to pCREBSer133 is in a more
abundant amount than that bound to pSmad2/3Ser433/435 in cells treated with lithium. However,
overexpression of wild type p300 expression vector reversed the effects of lithium in
suppressing binding activity of pSmad3 with p300 coactivator (Fig. 6c). The overexpressed
p300 thus restores normal levels of p300 in the transcriptional complex bound to Smad3/4-
dependent gene promoters and salvages the potentially suppressed Smad3/4 transcription from
the lack of sufficient amounts of p300 in the neuronal nuclei. Together, our data suggest that
the inhibitory effects of lithium in Smad3/4 signaling are due to complex formation of activated
CREB and p300, resulting in limited interactions of p300 with the transcription factors/Smad
complexes, and thus preventing efficient Smad3/4-dependent transcription of TGF-β-
responsive target genes.

Downregulation of Smad3/4-dependent gene transcription by the formation of the CREB-p300
complex was further studied with another TGF-β-responsive gene promoter construct, p21P-
Luc. Lithium modestly inhibited p21 promoter activity in cultured cortical neurons
(Supplementary Fig. 4a and b). Intriguingly, overexpression of CBP wild-type and CBP-ΔHAT
mutant did not significantly affect the basal state or lithium’s effect on p21 promoter activity,
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indicating that CBP may not be involved in p21 transcriptional regulation (Supplementary Fig.
4a). On the other hand, p300 overexpression activated p21 promoter transcription, and
completely blocked lithium’s negative regulation of p21 gene transcription (Supplementary
Fig. 4b), a result similar to the effects on PAI-1 gene transcription (Fig. 6b). Conversely,
overexpression of p300-ΔHAT markedly decreased p21 promoter activity in the absence or
presence of lithium treatment (Supplementary Fig. 4b). The biochemical effects of
overexpressed wild-type CBP and p300 transcriptional coactivators in cultured cortical
neurons were profiled by immunoblotting analysis (Fig. 6d). As expected, overexpression of
both wild-type transcriptional coactivators increased the protein levels of pCREBSer133 and
Bcl-2, effects similar to those of lithium (Fig. 6d). The protein levels of β-catenin, a downstream
transcriptional activator of Wnt signaling, were also increased in neurons transfected with wild-
type CBP or p300 (Fig. 6d), suggesting the inhibition of GSK-3 activity. On the other hand,
overexpression of HAT-deficient mutants of both coactivators caused a decrease in protein
levels of pCREB(Ser133), Bcl-2, and β-catenin.

Thus far, our results suggest the involvement of p300, in mediating lithium’s negative effects
on 3TP and p21 promoter activity (Fig. 6 and Supplementary Fig. 4). We next performed a
CHIP assay to examine whether lithium-induced decrease in 3TP and p21 gene promoter
activity was primarily associated with p300, but not CBP. Cultured cortical neurons treated
with lithium were cross-linked with formaldehyde and subjected to nuclei isolation and
sonication. The sheared chromatins were then immunoprecipitated with antibodies against
either p300 or CBP. The immunoprecipitated DNA was next purified and amplified by real-
time fluorescent PCR. The results showed a stronger amplification (16-fold resulting from 4
cycle differences) of DNA immunoprecipitated with anti-p300 (30 cycles on log fluorescence
for p300-IP samples) than with anti-CBP (at least 34 cycles on linear log fluorescence for CBP-
IP samples) in the PAI-1/Serp1 promoter (Supplementary Fig. 5a). These results are consistent
with the notion that p300 is bound with a greater amount than CBP to the PAI-1/Serp1 promoter
to regulate its transcription. Interestingly, no detectable signal was observed in PCR
amplification of the p21/cdkn1a gene promoter when anti-CBP antibody was used in
immunoprecipitation, even though robust amplification was detected with anti-p300 antibody
(Supplementary Fig. 5b). Gel electrophoresis also showed more PCR amplification of the
PAI-1/Serp1 and p21/cdkn1a gene promoters in DNA from neurons that were
immunoprecipitated with p300 compared with DNA immunoprecipitated with anti-CBP
(Supplementary Fig. 5c). Together, these results further confirm the results in Supplementary
Fig. 4, and demonstrate the involvement of p300, but not CBP, in the coactivator-transcription
factor complex bound to the p21/cdkn1a gene promoter.

Discussion
In this study, we used the methods of pharmacological treatments, gene silencing, and gene
delivery to provide the first evidence that lithium suppresses Smad3/4-dependent TGF-β-
responsive gene transactivation through cross-talk of CRE-dependent, cAMP/PKA, and PI3-
K/AKT/GSK-3β signaling pathways in rat cortical cultures. These results suggest that lithium
suppresses Smad3/4-dependent gene transcription via an increased sequestration of p300 by
pCREBSer133 and a disruption of the Smad-p300 complex. A schematic illustration showing
the proposed sites of actions of lithium and interactions among these effectors/pathways in
regulating Smad3/4 transcription is shown in Fig. 7. These actions of lithium likely involve
the activation of CRE-dependent gene transcription via increased CREB Ser133
phosphorylation and subsequent pCREBSer133-p300 complex formation (Jope, 1999a). Our
results strongly suggest that the sequestration of p300 by lithium-induced activated
pCREBSer133 results in the reduction of Smad3-p300 interaction in the promoter of two natural
Smad3/4-dependent TGF-β-responsive target genes, PAI-1 and p21. We also showed that these
effects of lithium can be overcome by the presence of a sufficient amount of p300, but not
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CBP, in the cell nucleus. Lithium also increases the protein level of tPA (data not shown), a
direct target of PAI-1 (Wind et al., 2002). Multiple roles of the tPA-plasmin system in the
central nervous system have been suggested, ranging from neural organization to brain
disorders (reviewed in Samson and Medcalf, 2006;Vivien and Ali, 2006). Our study shows
that lithium regulates the PAI-1-tPA-plasmin system through cross-talk among TGF-β/Smad
and lithium-targeted signaling pathways, and thus provides critical information regarding
lithium’s novel molecular and cellular actions.

We have previously shown that Smad3/4-dependent transcriptional activation is regulated by
GSK-3 α and β isofrms in opposite manners (Liang and Chuang, 2006). Thus, inactivation of
GSK-3α and GSK-3β results in activation and inhibition of Smad3/4-dependent
transactivation, respectively. Current data indicates an inhibitory effect of lithium in its
modulation of Smad3/4 transactivation, an outcome similar to GSK-3β. Lithium is known to
inhibit both GSK-3 isoforms by multiple mechanisms (Klein and Melton, 1996; Stambolic et
al., 1996). Direct GSK-3 inhibition of lithium was identified to be through competition for
magnesium in the active site of GSK-3 (Gurvich and Klein, 2002; Ryves and Harwood,
2001). Original measures of lithium’s inhibitory potency found 50% inhibition at
concentrations of 1–2 mM (Klein and Melton, 1996; Stambolic et al., 1996). This moderate
direct inhibition by lithium is thought to be amplified through an increase in serine21/9
phosphorylation. Proposed mechanisms for lithium’s indirect GSK-3 inhibition include
GSK-3-regulated decreased activity of protein phosphatase 1 (Zhang et al, 2003), increased
activity of PKC (Kirshenboim et al, 2004), or increased Akt activity (Chalecka-Franaszek and
Chuang, 1999). We thus propose that lithium-induced GSK-3β inhibition causes increased
serine phosphorylation of both isoforms, which in turn induces CREB phosphorylation and
downstream Smad3/4 transcriptional suppression.

It has been reported that lithium activates PI3-K/AKT signaling and subsequently inhibits
GSK-3β in order to induce binding activity of pCREBSer133 and the CREB responsive element
of various downstream anti-apoptotic genes (Jope, 1999a; Grimes and Jope, 2001a; Rowe and
Chuang, 2004). We thus hypothesized that the increased interaction of lithium-induced
pCREBSer133 with the transcriptional coactivators CBP/p300 concurrently suppresses
Smad3/4-dependent gene transcription due to the sequestration of CBP/p300 by activated
pCREBSer133. Recent studies demonstrate that AKT can directly interact with non-
phosphorylated Smad3, promoting the sequestration of Smad3 in the cytoplasm and thereby
impairing Smad3-dependent transcriptional activity (Conery et al., 2004; Remy et al., 2004).
Although Smad3 phosphorylation is not affected by lithium treatment in cultured cortical
neurons (unpublished data), we have not investigated whether lithium treatment alters AKT-
Smad3 interaction or Smad3 nuclear translocation. The possibility of Smad3/4 transcriptional
suppression caused by lithium-induced AKT-Smad3 interaction thus cannot be ruled out.
However, the fact that inhibition of GSK-3β with isoform-specific siRNAs or a dominant
negative mutant causes Smad3/4-dependent transcriptional suppression (Liang and Chuang,
2006), suggests that the inhibitory effect of lithium on Smad3/4 transactivation is partially
mediated through the AKT-GSK-3β-CREB cascade.

It has been reported that lithium at supra-therapeutic levels inhibits TGF-β-induced epithelial
mesenchymal transition (Stump et al., 2006). It has also been reported that lithium causes the
upregulation of CRE-dependent gene transcription resulting in the expression of the neuronal
survival factors BDNF and Bcl-2 (reviewed in Jope, 1999a; Rowe and Chuang, 2004). Our
results not only confirm lithium’s neuroprotective action, but also provide insight into how
this drug’s negative regulation of Smad3/4-TGF-β signaling is mediated through upregulation
of CRE-dependent transactivation. Specifically, we show that lithium-induced suppression of
two Smad3/4-regulated genes, PAI-1 and p21, is mediated by CREB and p300 at their
promoters. This effect is most likely due to the squelching effects of CREB in p300/CREB
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complexes, resulting in the blockade of Smad-dependent transcription. This notion is supported
by a previous report that, in TGF-β-stimulated human HaCaT keratinocytes, the inhibition of
TGF-β-induced Smad3/4-dependent transcription of the PAI-1 gene by cAMP-elevating agents
is mediated through PKA activation and disruption of the Smad-CBP/p300 complex (Schiller
et al., 2003). Our results thus confirm CREB’s inhibitory effects and further demonstrate that
lithium’s inhibitory effect on PAI-1 promoter transactivation is partially mediated through a
PKA-dependent mechanism in an unstimulated state of cortical neurons. Our study also
suggests that both AKT/GSK-3β and PKA signaling are involved in the regulation of lithium-
induced TGF-β transcriptional suppression. Additionally, we show that transcriptional
coactivator p300 is primarily responsible for the inhibition of Smad3/4-dependent PAI-1 gene
transcription. The difference between the results of our and their studies likely lies at the
differences in cell types (primary cortical cultures vs keratinocytes, respectively) used.

Similar to the transcriptional regulation for the PAI-1 gene, we found that only transcriptional
coactivator p300 is involved in the lithium-induced down-regulation of p21 promoter
transcription. This observation is supported by a report that retinoic acid–induced cell
differentiation and transcriptional upregulation of p21Cip1 requires normal levels of p300, but
not CBP, in F9 cells (Kawasaki et al., 1998). CBP and p300 share a high degree of structural
homology and both bind the transcription factor CREB (Chan and La Thangue, 2001; Vo and
Goodman, 2001). CBP/p300 degradation was reported to lead to an irreversible decrease in
CREB-dependent transcription in apoptotic conditions, thus compromising neuroprotection
(Rouaux et al., 2003). However, fundamental differences between CBP and p300 involving
regulation and function have been reported. For example, the activation of CREB-dependent
transcription by CBP depends on a secondary regulatory mechanism, namely, CBP
phosphorylation at Ser301, an event that does not occur for p300 (Impey et al., 2002). Several
cell-based and in vivo studies on CBP and p300 (reviewed in Kalkhoven, 2004) indicate that
they have unique functions in addition to their common roles. These functional differences
could be due to differential association with other proteins, such as gene-specific transcription
factors, and variations in substrate specificity between these two histone acetyltransferases.
The latter case is demonstrated in an earlier study indicating that Smad7, a TGF-β response
gene that negatively regulates TGF-β signaling, is acetylated by p300 and becomes stabilized
and protected from proteasome (Smurf-1)-mediated degradation (Gronroos et al., 2002).
Conversely, histone deacetylases (HDAC) interact with Smad7 and promotes the degradation
of Smad7 protein (Simonsson et al., 2005). The reduction of Smad7 protein expression could
further lead to the upregulation of Smad3/4-dependent TGF-β signaling and cause an increase
in transcription of downstream genes, such as PAI-1 and p21.

A cross-talk between TGF-β and Wnt signaling pathways through physical association of β-
catenin and Smad7 has been reported (Edlund et al., 2005). This cross-talk was found to be
important for TGF-β-induced apoptosis. β-catenin acts as a downstream transcriptional
activator of Wnt signaling by accumulating in the nucleus and forming a complex with DNA-
binding proteins, such as lymphoid enhancer factor (LEF-1) and T-cell factor (TCF) to regulate
TCF-dependent transactivation (reviewed in Grimes and Jope, 2001a). Both protein
phosphorylation and protein–protein interactions have been implicated in the mechanism of
Wnt-mediated inactivation of GSK-3β. Phosphorylation of β-catenin by GSK-3β results in
rapid degradation of β-catenin (Rubinfeld et al., 1996; Yost et al., 1996). It has also been shown
that GSK-3β activity is regulated by protein complex formation mediated by GSK-3β-binding
proteins, such as GSK-3 binding protein (GBP) (Yost et al., 1998). Complex formation between
GSK-3β and proteins in the GBP family, which include Frat 1 and 2, is an important mechanism
for the inhibitory control of GSK-3β activity. This mechanism was shown to allow local
inhibition of GSK-3β, leading to stabilization of β-catenin due to reduced GSK-3β-facilitated
degradation of β-catenin. The accumulation of β-catenin caused by AKT activation and lithium
treatment (Supplementary Fig. 3a) thus implies the inhibition of GSK-3 activity.
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Our results indicate that lithium treatment causes a decrease in gene transcription and protein
expression of PAI-1, a target gene of Smad signaling. PAI-1 is a serine protease inhibitor known
to bind and inactivate both tissue-type and urokinase-type plasminogen activators (tPA and
uPA), respectively (Melchor and Strickland, 2005). PAI-1 is found in low levels in the adult
brain (Sawdey and Loskutoff, 1991), but its expression can be upregulated in astrocytes by
stimulation with TGF-β1 and plasminogen (Datto et al., 1995; Buisson et al., 1998).
Intravenous tPA has been used to treat acute stroke because of its thrombolytic activity and its
ability to restore circulation to the brain (Hacke et al., 1995). Controversial results suggest that
the tPA-plasmin system can be either protective or harmful in response to neurological insults
(Tsirka , 2002; Maddika et al., 2007). For example, sufficient release of PAI-1 from astrocytes
into the extracellular environments of neurons prevents neuronal apoptosis (Soeda et al.,
2001; Docagne et al., 2002). PAI-1 was also reported to rescue neurons from kainate-induced
death in both wild-type and tPA-/- mice (Tsirka et al., 1996). Additionally, tPA has also been
shown to exacerbate neuronal damage in tPA-deficient mice after excitotoxic insult (Tsirka et
al., 1995) or focal cerebral ischemia in mice (Wang et al., 1998). Of interest, a recent report
demonstrates that tPA in the amygdala is critical for stress-induced neuronal remodeling and
the development of anxiety-like behavior, and is subsequently inhibited by PAI-1 (Pawlak et
al., 2003). The tPA-plasminogen proteolytic cascade accelerates the clearance of fibrin and
protects the brain from damage in stroke models or when the blood-brain barrier breaks down
(Tabrizi et al., 1999; Akassoglou et al, 2003), and contributes to Aβ degradation and pathology
(Melchor et al., 2003), which suggest tPA’s protective effect against the neurodegenerative
progression of Alzheimer’s disease. Because the tPA-plasminogen proteolytic cascade
contributes to Aβ degradation, it may suggest the utility of tPA in blocking Aβ-induced cell
death in the brain of Alzheimer’s disease (reviewed in Maddika et al., 2007).

Many reports indicate an involvement of the tPA-plasmin system in synaptic plasticity and
remodeling (Baranes et al., 1998; Fiumelli et al., 1999; Neuhoff et al., 1999), control of the
direction of BDNF’s functions (Martinowich et al., 2007), regulation of long-term potentiation
(Pang et al., 2004), pathophysiology of mood disorders (Eskandari et al., 2005; Tsai, 2006)
and stress-induced anxiety (Pawlak et al., 2003). The neurotrophic effects of lithium in stress-
induced hippocampal atrophy and antidepressant effects of this drug in rodent models (Wood
et al., 2004; O’Brien et al., 2004) suggest a critical role of BDNF in these lithium-induced
actions (reviewed in Chuang, 2004). Our results of lithium-induced suppression of PAI-1
transcription thus imply that PAI-1 may function as a target of lithium’s neuroprotective and
mood stabilizing effects through the PAI-1-tPA-plasmin pathway.

In conclusion, our results provide strong evidence that lithium suppresses Smad3/4-
depedendent gene transcription by a unique mechanism depending on increased CREB
activation and subsequent pCREBSer133-p300 complex formation, and these events are
mediated through CRE-dependent, cAMP-PKA and PI3-K-AKT-GSK-3β signaling pathways.
These effects of lithium likely result from the fine tuning and cross-talk of four pathways:
Smad/TGF-β, CRE-dependent, cAMP-PKA and PI3-K-AKT-GSK-3β signalings. The TGF-
β signaling pathway has been implicated as a therapeutic target in neurodegeneration (Wyss-
Coray, 2006), and the PAI-1-tPA-plasmin system has also been suggested to play a critical role
in the pathogenesis of mood disorders (Eskandari et al., 2005; Higgins, 2006; Tsai, 2006).
Thus, further elucidation of the molecular details involved in lithium-induced regulation of
Smad/TGF-β signaling will advance our understanding of the neuroprotective and therapeutic
mechanisms of this drug.
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Experimental Methods
Rat primary cerebral cortical culture

Cerebral cortical neurons were prepared from 18-day-old embryonic rats and cultured as
described previously with slight modifications (Liang and Chuang, 2006). Briefly, cells from
dissected brain cortex were separated by enzymatic digestion with trypsin (Invtrogen, Carlsbad,
CA) and DNase I (Sigma), followed by centrifugation at 80 g for 5 min at 4 °C. Separated
cortical cells were seeded at a density of 1 × 106 cells/cm2 on poly-D-lysine-coated culture
plates and maintained in DMEM supplemented with 10% fetal bovine serum (Invitrogen) for
18 h. Cortical cultures were then maintained in Neurobasal media (Invitrogen) with B27
supplement and L-glutamine (Invitrogen). Cortical neurons were used after 9 days in vitro
(DIV), unless otherwise indicated. On 10-DIV, non-neuronal cells represented less than 10%
of the population, as revealed by FACS (fluorescence-activated cell sorter) analysis. NIH
animal care guidelines were followed in this study.

Biochemical reagents
Lithium salt (LiCl) was obtained from Sigma-Aldrich (Saint Louis, MO). Three PKA inhibitors
(KT5720, H-89 and PKI), two cAMP elevating agents (8-Br-cAMP and forskolin), LY-294002
and Wortmannin were obtained from Calbiochem (San Diego, CA).

Plasmids
The reporter plasmid pSmad3/4-Luc was purchased from Panomics (Redwood City, CA). The
pRL-TK reporter plasmid was purchased from Promega (Madison, WI). The reporter construct
pCRE-Luc (Mercury Pathway Profiling Luciferase System; Clontech, Mountain View, CA)
was used to determine CRE-driven transcription. The vector expressing the catalytic subunit
of PKA, wild-type pCMV-CREB and two mutant expressing vectors, named pCMV-CREB133
and pCMV-KCRE, were obtained from Clontech. The expression vector PKA-dn, a dominant
negative mutant of PKA, was a gift from Dr. Jeffery J.Y. Yen (IBMS, Academia Sinica in
Taiwan). The promoter constructs, p21P-Luc and p15-Luc (Datto et al., 1995), were gifts from
Dr. Xiao-Fan Wang (Duke University, Durham, NC). The promoter construct p3TP-Lux and
expression vectors Flag-p300 (WT) and Flag-p300 (HAT-defective) were gifts from Drs.
Takeshi Imamura and Kohei Miyazono (The JFCR Cancer Institute, Tokyo, Japan). Expression
vectors AKT-CA (constitutively active mutant) and AKT-dn (dominant negative mutant) were
gifts from Dr. Benoit Dérijard (Université de Nice Sophia Antipolis, France) with the
permission of Dr. Anne Brunet (Stanford University, Palo Alto, CA). The expression vector
of wild-type CBP with HA tag was a gift from Drs. Richard H. Goodman and Ryan Cleland
(Oregon Health & Science University, Portland, OR). Expression vector HAT-defective point
mutant CBP (F1541A) was a gift from Dr. Tony Kouzarides (The Welcome Trust/Cancer
Research UK Gurdon Institute, University of Cambridge, UK).

Transfection assays
Transfection of expression vectors into primary cortical neurons was established using an
Amaxa Nucleofector (Amaxa, Cologne, Germany) and a rat neuron nucleofector kit (Amaxa)
formulated for primary rat cortical neurons as described previously (Liang and Chuang,
2006). The transfection efficiency was about 58 ± 7 %.

Non-radioactive PKA assay
Cultured cortical neurons (1 × 107) treated with LiCl at various concentrations were harvested
on 11-DIV and washed with cold PBS. The PKA assay was carried out using the PepTag®
assay for non-radioactive detection of PKA (Promega) according to the manufacturer’s
protocol using PKA-specific PepTag® A1 peptide substrate. The activity was detected by the
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amount of phosphorylated substrate migrating toward the anode. The intensity of fluorescence
of phosphorylated peptides, which reflects PKA activity, was quantified using
spectrofluorometry at an excitation wavelength of 560 nm and an emission wavelength of 590
nm.

cAMP measurement analysis
Intracellular cAMP levels of cultured cortical neurons harvested on 11-DIV (2000 cells/well
in a 96-well poly-D-lysine coated culture plate) were measured using cAMP Biotrak™ enzyme
immunoassay system (Amersham Biosciences, Little Chalfont, UK) in conjunction with a
microtiter plate reader at 450 nm according to the manufacturer’s suggestion in protocol 3 of
the cAMP immunoassay protocol (Amersham Biosciences).

Immunoblotting analysis
Cultured cortical neurons were washed twice with 5 ml of phosphate-buffered saline (PBS)
and harvested by scraping into cell lysis buffer (Cell Signaling Technology, Beverly, MA)
supplemented with protease inhibitor cocktail (Roche Diagnostics GmbH, Basel, Switzerland).
Protein concentration measurement and Western blotting analysis were carried out as described
previously (Liang and Chuang, 2006). Antibodies against PAI-1, tPA, GSK-3α, GSK -3β, β-
actin, β-catenin, pSmad2/3(Ser433/435), and Bax were purchased from Santa Cruz (Santa
Cruz, CA). Antibody against glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was
obtained from Upstate (Charlottesville, VA). Antibodies against pGSK3αSer21, pGSK3βSer9,
pGSK-3αβTyr279/216, pCREBSer133, phospho-extracellular receptor kinase (pERK (p44/42),
pAKTSer476, Bcl-2, Bcl-xL, CREB, ERK, and AKT were products of Cell Signaling
Technology. ECL Plus Western blotting detection system (Amersham Biosciences) was used
to obtain Western blot signals. Autoradiographs were scanned, and the intensity of immunoblot
signals was analyzed using Scion Image software (Scion Image for Windows, NIH).

Dual luciferase reporter assay
Dual luciferase assaying was performed using the dual luciferase reporter assay system
(Promega) as described previously (Liang and Chuang, 2006). Briefly, dual reporter-
transfected cultured cortical neurons were lysed in lysis buffer (Promega) and subjected to the
detection of firefly luciferase activity and subsequently, Renilla luciferase activity, which
serves as an internal control. Luciferase activities were determined by using a plate-reading
luminometer (Packard Bioscience Company, Downers Grove, IL), and the activities of the
experimental reporter were normalized to the activities of the Renilla luciferase.

Chromatin immunoprecipitation–real-time quantitative PCR assay (CHIP-qPCR)
CHIP assays were performed using the CHIP-IT assay kit protocol as recommended by the
manufacturer (Active Motif, Carlsbad, CA) with slight modifications. Briefly, 5 × 106 cultured
cortical neurons were treated with LiCl (1.5 mM) starting on 7-DIV for 96 h. Cortical cells
were then cross-linked with 1% formaldehyde at 37 °C for 10 min, followed by repeated
washings with ice-cold PBS. A total of 4 × 107 cross-linked cortical cells from eight individual
treatments were pooled together and lysed in lysis buffer (Active Motive). Nuclear pellets were
then resuspended in shearing buffer and sonicated for 20 pulses of 15 sec each, using a sonicator
(Sonic and Materials, Newtown, CT) to shear DNA into 500-1000 bp fragments. All of the
samples were precleared with salmon sperm DNA/protein G agarose. Twenty five percent of
the mixture of protein/DNA complex was taken for “input DNA” analysis. An equal amount
of the protein/DNA complex was then incubated with an antibody against either p300 (anti-
p300, Santa Cruz) or CBP (anti-CBP, Santa Cruz) at 4°C overnight, followed by incubation
with salmon sperm DNA/protein G agarose for 2 h. Immunoprecipitated DNA was then eluted
from protein G agarose. The cross-linking was reversed and the DNA was purified. The PAI-1/
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Serp1 promoter region (GenBank accession number: NM_012620.1) was PCR amplified using
forward primer 5’-aactctgcagtccgcccta-3’ (position -926 relative to translation initiation (ATG)
codon of the gene) and reverse primer 5’-ggaaacgcagtttgaccatc-3’ (position -857). The p21/
cdkn1a promoter region (GenBank accession number: NM_080782.3) was PCR amplified
using forward primer 5’-aaggtccagggcacttttg-3’ (position -503) and reverse primer 5’-
ccctatcctgccgtcctt-3’ (position -443). Primers and probes were designed using the Universal
Probe Library Assay Design Center from Roche Diagnostics
(www.universalprobelibrary.com). Primers were chemically synthesized by Operon
(Huntsville, AL). The PCR amplification was performed in a total volume of 20 μl reaction
mixture including 3 μl of chromatin immunoprecipitated DNA, 200 nM primers, 100 nM FAM-
labeled probes (Universal Probe Library, probe number 114 for Serpine1 and probe number 4
for cdkn1a assay obtained from Roche Applied Science), and Platinum Quantitative PCR
SuperMix-UDG (Invitrogen). All samples were run in triplicate, including a no-template
control, which consistently showed no amplification. Reactions were performed in white hard-
shell PCR plates (Bio-Rad, Hercules, CA) in an MJ Chromo4 (Bio-Rad) continuous
fluorescence detector connected to a PC running Opticon Monitor software version 3.1.
Thermocycling consisted of 2 min at 50 °C (UDG activation), 2 min at 95 °C (initial
denaturation and Taq polymerase activation) and 45 cycles of denaturation at 95 °C for 15 sec,
combined annealing and extension at 56 °C for 1 min and fluorescence acquisition. Baseline
correction was performed using “global minimum” subtraction. After amplification, triplicates
were pooled and electrophoresed on a 3.5% agarose gel (Invitrogen), stained with ethidium
bromide (Sigma-Aldrich) and visualized by UV illumination.

Statistical analysis
All results presented are means ± SEM from three to four independent experiments, with three
or four replicates for each data point. The results were analyzed for statistical significance in
GraphPad InStat (GraphPad, San Diego, CA) by one-way ANOVA. In ANOVA, a Q-Q plot
was adopted for normal distribution tests, and Tukey’s post hoc test was adopted if the variances
between groups were similar.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Lithium suppresses Smad3/4-dependent transactivation and reduces TGF-β-responsive
Smad3/4-dependent gene promoter activity of PAI-1 gene. (a) Cultured cortical neurons were
transfected with pSmad3/4-Luc reporter construct at the time of plating and treated with or
without lithium on 8-DIV at various concentrations for 72 h. (b) Cultured cortical neurons were
transfected with pSmad3/4-Luc reporter construct at the time of plating and at 9-DIV pre-
treated without or with TGF-β (3 ng/ml) for 8 h followed by optional lithium treatment for an
additional 40 h. (c) Representative Western blots of levels of PAI-1 in cortical neurons treated
with TGF-β for 24 h at 10-DIV. Cell lysates were collected for Western blotting analysis at
11-DIV. β-actin was used as a loading control. (d) Cultured cortical neurons were transfected
with p3TP-Luc reporter construct at the time of plating and treated with or without lithium on
9-DIV at various concentrations for 48 h. Luciferase activities were determined on 11-DIV.
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Representative results shown as arbitrary luciferase activities are means ± SEM of one set of
data from three independent experiments. * p<0.05; *** p<0.001, compared to the untreated
control using one-way ANOVA.
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Figure 2.
Lithium’s inhibitory effects on Smad3/4 transactivation are partially mediated through the PKA
signaling pathway. (a) Effects of lithium on PKA kinase activity in cultured cortical neurons.
Cells (2000 cells/well in 96-well poly-D-lysine coated culture plates) were incubated with or
without lithium at the indicated concentrations for 24 h. Non-radioactive PKA activity was
determined as described in the Materials and Methods. Values are means ± SEM of % of control
from three independent experiments. (b) Cortical neurons were transfected with pSmad3/4-
Luc reporter construct at the time of plating and pretreated for 4 h with PKA specific inhibitors,
KT5720 and H-89, at the indicated concentrations, followed by incubation with 2 mM LiCl
on 9-DIV. Alternatively, pSmad3/4-Luc-transfected cultured cortical neurons were treated
with 2 mM lithium and cAMP-elevating agents, 8-Br-cAMP and forskolin, on 9-DIV.
Incubations were continued for 48 h, after which luciferase activities were determined on 11-
DIV. Representative results shown as arbitrary luciferase activities are means ± SEM of
triplicates of one set of data from three independent experiments. ** p<0.05; *** p<0.001,
compared to the respective treatment controls using one-way ANOVA. (c) Representative
Western blots of levels of PAI-1, pCREBSer133, CREB, and β-actin from three experiments.
Cortical neurons were pretreated with H-89 (90 nM) for 4 h followed by lithium at the indicated
concentrations on 9-DIV for 48 h. Cell lysates were collected on 11-DIV for immunoblotting
analysis. (d) Representative Western blots of levels of PAI-1, pCREBSer133, CREB, and β-
actin (used as a loading control) from three experiments. Cultured cortical neurons were
pretreated with H-89 (90 nM) for 4 h on 9-DIV followed by forskolin (100 μM) treatment for
48 h. Cell lysates were collected on 11-DIV for immunoblotting analysis.
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Figure 3.
Lithium’s negative regulation in Smad3/4-dependent transcription is partially blocked by the
inhibition of AKT and PI3-K signaling pathways. (a) At the time of plating, cortical neurons
were either co-transfected with 4 μg of pSmad3/4-Luc reporter construct and the expression
vector of AKT constitutively active mutant or transfected with pSmad3/4-Luc reporter
construct followed by treatment with lithium for 48 h on 9-DIV. The luciferase activities of
cell lysates were determined on 11-DIV. (b) At the time of plating, cortical neurons were either
co-transfected with 4 μg of pSmad3/4-Luc reporter construct and expression vector for the
dominant negative form of AKT, or transfected with pSmad3/4-Luc reporter construct
followed by treatment with lithium for 72 h on 8-DIV. The luciferase activities of cell lysates
were determined on 11-DIV. (c) Cortical neurons were transfected with 4 μg of pSmad3/4-Luc
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reporter construct at the time of plating and followed by 4 h pretreatment with PI3-K inhibitors,
LY294002 or Wortmannin (Wort), at the indicated concentrations, followed by lithium
treatment on 9-DIV for 48 h. The luciferase activities of cell lysates were determined on 11-
DIV. Representative results shown as arbitrary luciferase activities are means ± SEM of
triplicates of one set of data from three independent experiments. ** p< 0.01; *** p<0.001,
compared to the respective controls using one-way ANOVA. (d) Representative Western blots
of levels of PAI-1, pAKT (Ser473), pGSK-3α (Ser21), pGSK-3β (Ser9), AKT, and GSK3αβ
from three experiments. Cultured cortical neurons were pretreated with 5 μM LY294002 on
9-DIV for 4 h followed by lithium treatment at the indicated concentrations for 48 h. Cell
lysates were collected on 11-DIV for immunoblotting analysis. (e) Representative Western
blotting analysis of levels of pCREB (Ser133), pGSK-3β (Ser9), CREB, GSK-3β, and Bcl-2
from three experiments. Cultured cortical neurons were transfected with either GSK-3β
isoform-specific siRNAs on 9-DIV or GSK-3β dominant negative mutant (R96A) at the time
of plating. Cell lysates were collected on 11-DIV for immunoblotting analysis. β-actin was
used as a loading control.
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Figure 4.
Lithium-induced CRE-dependent responses are partially blocked by the inhibition of AKT and
PKA signaling. (a) Cortical neurons were transfected with pCRE-Luc reporter construct at the
time of plating and pretreated with either the PKA specific inhibitor, H-89, or the cAMP-
elevating agent forskolin at the indicated concentrations for 4 h, followed by an incubation
with or without the indicated concentrations of lithium on 9-DIV. Incubations were continued
for 48 h, after which luciferase activities were determined on 11-DIV. (b) Cortical neurons
were transfected with pCRE-Luc reporter construct with or without dominant negative mutant
forms of AKT or PKA (AKT-dn, PKA-dn, respectively) at the time of plating and treated with
or without 2 mM lithium on 9-DIV. Incubations were continued for 48 h, after which luciferase
activities were determined on 11-DIV. Representative results shown as arbitrary luciferase
activities are means ± SEM of triplicates of one set of data from three independent experiments.
* p<0.05; ** p< 0.01; *** p<0.001, compared to the respective control using one-way ANOVA.
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(c) Representative Western blotting analysis of protein levels of pGSK-3αβ (Ser21/9), pCREB
(Ser133), GSK-3αβ, CREB, and Bcl-2 from three experiments. Cortical neurons were
transfected with a dominant negative form of AKT at the time of plating with or without
treatment of 1.5 mM lithium on 9-DIV for 48 h. Cell lysates were collected on 11-DIV for
Western blotting analysis. β-actin was used as a loading control.
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Figure 5.
The inhibitory effects of lithium, PKA signaling and AKT signaling on Smad3/4-dependent
transcription are modulated through CREB. (a) Cortical neurons were transfected with pCRE-
Luc reporter construct together with or without expression vectors for the catalytic subunit of
PKA and/or either one of two mutant forms of CREB, dn-CREB133 and dn-KCREB, at the
time of plating. Luciferase activities were determined on 11-DIV. Representative results shown
as arbitrary luciferase activities are means ± SEM of triplicates of one set of data from three
independent experiments. *** p<0.001, compared to the PKA alone using one-way
ANOVA. (b) Representative Western blotting analysis of protein levels of pCREB (Ser133),
pGSK-3αβ (Ser21/9), Bcl-2, Bcl-xL, GSK-3αβ, and CREB from three experiments. β-actin
was used as a loading control. Cortical neurons were transfected with the expression vectors
for the catalytic subunit of PKA and wild type (wt-CREB) or mutant form of CREB (dn-
CREB133 and dn-KCREB) at the time of plating. Cell lysates were collected on 11-DIV for
Western blotting analysis. (c) Cortical neurons were transfected with pSmad3/4-Luc reporter
construct together with the expression vectors for either the catalytic subunit of PKA and wild
type (wt-CREB) or mutant CREB (dn-CREB133 and dn-KCREB) at the time of plating.
Alternatively, the cultures were transfected with pSmad3/4-Luc reporter construct together
with the expression vectors for either wild type (wt-CREB) or mutant CREB (dn-CREB133
and dn-KCREB) at the time of plating followed by lithium (2 mM) treatment on 9-DIV for 48
h. (d) Cortical neurons were transfected with pSmad3/4-Luc reporter construct together with
the expression vectors for the constitutively active form of AKT and either the wild-type (wt-
CREB) or mutant form of CREB (dn-CREB133 and dn-KCREB) at the time of plating.
Luciferase activities were determined on 11-DIV. Representative results shown as arbitrary
luciferase activities are means ± SEM of triplicates of one set of data from three independent
experiments. ** p<0.01;***p<0.001, compared to the respective control using one-way
ANOVA.
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Figure 6.
Overexpression of transcriptional coactivator p300 abolishes lithium’s inhibitory regulation
on the promoter activities of Smad3/4-dependent TGF-β-responsive downstream gene, 3TP.
(a) Cultured cortical neurons were transfected with p3TP-Luc reporter construct together with
expression vectors for wild-type CBP (CBP) or HAT-deficient CBP mutant (CBP-ΔHAT) at
the time of plating. Lithium (1.5 mM) was added starting at 9-DIV and incubations were
continued for 48 h before luciferase activity was determined on 11-DIV. (b) Cortical neurons
were transfected with p3TP-Luc reporter construct together with expression vectors for wild-
type p300 (p300) or HAT-deficient p300 mutant (p300-ΔHAT) at the time of plating. Lithium
treatment and luciferasea activity assay were carried out as described in Fig. 5c. Representative
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results shown as arbitrary luciferase activities are means ± SEM of triplicates of one set of data
from three independent experiments. *** p<0.001, compared to the respective controls. n.s,,
not significant from the comparative control using one-way ANOVA. (c) Representative IP-
Western blotting (WB) analysis of protein levels of pCREB(Ser133) and pSmad2/3
(Ser433/435) from three experiments. β-actin was used as an internal control. Cortical neurons
were transfected with or without p300 wild-type (WT) expression vector at the time of plating.
Lithium treatment was initiated on 9-DIV for 48 h. Cell lysates were collected on 11-DIV for
anti-β-actin antibody immunoprecipitation (control and lithium) or anti-p300 and anti-β-actin
antibodies co-immunoprecipitation (p300-WT and p300-WT plus lithium) and Western
blotting analysis. (d) Representative Western blotting analysis of protein levels of pCREB
(Ser133), CREB, Bcl-2, and β-catenin from three experiments. β-actin was used as a loading
control. Cortical neurons were transfected with expression vectors for either wild-type or HAT-
deficient CBP/p300 at the time of plating. Lithium treatment was carried out on 9-DIV for 48
h. Cell lysates were collected on 11-DIV for Western blotting analysis.
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Figure 7.
Schematic illustration of lithium’s negative regulation on Smad/TGF-β signaling mediated
through the interactions of three signaling pathways: Smad/TGF-β, cAMP-PKA and PI3-K/
AKT/GSK-3β. Three signaling pathways, namely, Smad/TGF-β, cAMP-PKA and PI3-K/
AKT/GSK-3β signalings can be triggered by stimulation with TGF-β and BDNF through their
surface receptors, and the interactions of these pathways are shown. Lithium treatment causes
Smad3/4-dependent transcriptional suppression of two TGF-β-responsive genes, PAI-1 and
p21. These effects of lithium are caused by the sequestration of transcriptional coactivator p300
due to an increase of phospho-CREBSer133 levels, which results in the increase of CRE-
dependent transactivation and the expression of survival factors, BDNF and Bcl-2. The
inhibitory regulation by lithium of Smad3/4 transactivation involves stimulation of cAMP-
PKA and PI3-K-AKT signaling pathways, but inhibition of GSK-β activity.  : Direct
stimulatory modification, : Direct inhibitory modification, : Nuclear translocation.
The stimulatory (broken line, ) and inhibitory (broken line, ) effects of various
treatments of cortical neurons with lithium, inhibitors/analogs specific to PKA and PI3-K or
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the exogenous overexpression of PKA and AKT mutants (constitutively active and dominant
negative mutants) are shown.
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