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Introduction: The possible involvement of sodium and potassium-activated 

adenosine triphosphatase (Na/K-ATPase) dysfunction has been suggested in the 

pathophysiology of bipolar disorder (BD) in clinical and genetic studies. Based on 

Na/K-ATPase dysfunction in BD, a potential animal BD model using ouabain, a 

specific Na/K-ATPase inhibitor, has been introduced. However, the biochemical 

mechanisms underlying the development of the behavioral changes caused by 

ouabain are not clearly understood. ERK, Akt, and PKC have been suggested to 

have important effects on Na/K-ATPase as signal transducers in vitro. In this study, 

in order to elucidate the mechanism of Na/K-ATPase involved in inducing 

behavioral changes in vivo, the roles of ERK, Akt, and PKC were investigated in 

brains from the rat BD model using ouabain 

Methods: Sprague-Dawley rats were given intracerebroventricular (ICV) ouabain 

and the biochemical changes in rat brain related to the ouabain-induced 

hyperactivity were examined after measuring locomotor activity 

Results: A previous study indicated that ICV ouabain induces acute activation of 

the ERK1/2 signaling pathway, accompanied by hyperactivity in rats. Changes in 

the phosphorylation of tyrosine hydroxylase (TH) one of the downstream 

molecules of ERK1/2 were, investigated in the rat striatum. Ouabain induced 

significant increases in the phosphorylation of TH. Inhibition of ERK1/2 using an 

intrabrain MEK inhibitor attenuated the ouabain-induced increase in TH 



ii 

 

phosphorylation, as well as the hyperactivity of rats. Moreover, the 

phosphorylation of ERK1/2 and TH was increased consistently, up until 8 h after 

the ouabain treatment. Next, the persistent activation of the Akt/glycogen synthase 

kinase-3β (GSK-3β)/forkhead box, class O1 (FoxO1)/endothelial nitric oxide 

synthase (eNOS) pathways, was observed in the rat striatum and frontal cortex; this 

was accompanied by hyperactivity in rats up until 8 h after the ouabain injection. 

The Akt and ERK1/2 signal pathways cooperatively regulate the protein translation 

that is important in modifying neural circuits and behavior. Ouabain also induced 

persistent activation of the mammalian target of rapamycin (mTOR)/p70 ribosomal 

S6 kinase (p70S6K)/S6 protein translation pathway in the rat frontal cortex up until 

8 h after treatment. In addition, the rate of protein synthesis measured by [
3
H]-

leucine incorporation was increased in the cell-free extracts of frontal cortical 

tissues. mTOR activation is involved in the inactivation of AMP-activated kinase 

(AMPK), a key energy sensor regulating cellular metabolism to maintain energy 

homeostasis. In the rat striatum, ouabain decreased the phosphorylation of AMPK 

and its downstream acetyl CoA carboxylase (ACC) and increased the amount of 

PP2Cα. The activity of mitochondrial carnitine palmitoyl transferase 1a (CPT1a), a 

downstream target of ACC, was decreased. In addition, ouabain increased the 

activation of protein kinase C (PKC) in the rat striatum, and this was attenuated by 

anti- manic drugs, including haloperidol and verapamil. 

Conclusions: These results indicate that the activity of the ERK, Akt, and PKC 

pathways is changed in the brain of rat model for mania of BD using ouabain, and 

suggest that they are associated with the behavioral changes observed in the animal 

model. Therefore, these findings could contribute to a better understanding of 

pathophysiology and therapeutic mechanism for BD. 
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Introduction  

 

1. Hypothetical and pharmacological rat model for bipolar 

disorder; Na/K-ATPase dysfunction  

Bipolar disorder (BD) is common and afflictive psychiatric disorder that is 

characterized by severe fluctuations in mood, activity, thought, and behavior (4). 

BD involves one or more episodes of mania or mixed mood (bipolar I disorder) 

associated with increased psychomotor activity, excessive social extroversion, 

decreased need for sleep, impulsivity, impairment in judgment, grandiose mood (4), 

and hypomania (bipolar II disorder) interspersed with episodes of depression (276) 

Patients with BD in approximately 1-3 % of the population often present high rates 

of comorbidities, relapse, recurrence, residual mood symptoms, and poor 

functioning and quality of life. BD is the sixth leading cause of medical disability 

worldwide, and patients with BD have a higher risk of suicide than patients with 

any other psychiatric or medical illness (276). It has been currently applied to BD 

treatment that mood stabilizers have molecular and cellular targets; inositol 

monophosphatase, inositol polyphosphate 1-phosphatase, glycogen synthase 

kinase-3 (GSK-3), fructose 1,6-bisphosphatase, bisphosphate nucleotidase, and 

phosphoglucomutase are targets of lithium, succinate semialdehydedehydrogenase, 

succinate semialdehyde reductase, and histone deacetylase of valproate, and 

sodium channels, adenosine receptors, and adenylate cyclase (AC) of 

carbamazepine (277). In addition, medications used to treat BD such as verapamil 
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(L-type voltage-dependent calcium channel blocker) (5-7) and antipsychotics 

including olanzapine, haloperidol, risperidone, and quetiapine (4, 8) exhibit an 

effective acute anti-manic treatment response in bipolar patients. Although many 

studies investigating  the  neurobiology of BD have been published for several 

decades, the mechanism of biochemistry in brain function in bipolar patients  

needs further studies. 

Growing body of evidence has been implicated in the possible involvement of 

sodium and potassium-activated adenosine triphosphatase (Na/K-ATPase) 

dysfunction in the pathophysiology of BD (9, 10). For example, increased 

intracellular sodium and calcium concentrations (9, 11-13) and attenuated Na/K-

ATPase activity (14) in bipolar patients during manic or depressive episodes have 

been reported. In addition, expression of the Na/K-ATPase α2 isoform was reduced 

in the postmortem temporal cortex in bipolar patients (15). Also, allelic association 

was described between BD and a specific polymorphism in the gene encoding the 

α3 isoform of Na/K-ATPase α subunit (16). Moreover, some studies showed that 

clinical improvements in response to lithium and carbamazepine are correlated 

with an increase in Na/K-ATPase activity (17-22). Based on these findings related 

to clinical studies in BD , the possible involvement of Na/K-ATPase dysfunction in 

BD has been suggested. 

Na/K-ATPase comprises of 3 protein subunits: four catalytic α subunits bound to 

combine with ATP and ouabain, three regulatory β subunits  required for the 

enzymatic activity of NKA, and a γ subunit (FXYD2) found in all mammalian cells 

(23-27). Na/K-ATPase regulates cell volume, electrical membrane potential, and 

various transporter systems in various cells including neurons and glia (28, 29). It  
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also plays an important role in regulating neural activity, neurotransmitter release, 

and animal behavior (30-32). Na/K-ATPase is a transmembrane enzyme 

responsible for active transport of sodium (Na
+
) and potassium (K

+
) ions across the 

plasma membrane by hydrolyzing ATP, thus maintaining homeostasis (23, 24, 33, 

34). It allows cells to become excitable by generation of transmembrane electrical 

potential, thereby raising intracellular calcium concentration via Na/Ca exchange 

(35) 

Above the electrophysiologic function of Na/K-ATPase as an ion transporting 

pump, recent researches show that ouabain acts as a ligand for Na/K-ATPase and 

induces signal transduction in intracellular signaling pathways (36, 37). The 

binding of ouabain to Na/K-ATPase induces the activation of various signaling 

molecules such as Src, epidermal growth factor receptor (EGFR), phospholipase C 

(PLC), protein kinase C (PKC), phosphatidylinositol 3-kinase (PI3K)/Akt, and 

extracellular signal-regulated kinase (ERK) (36-44). However, the studies on these 

mechanisms have primarily been investigated with in vitro cultured cells such as 

cardiac myocytes and renal epithelial cells. 

Considering the involvement of  Na/K-ATPase in neuronal activity and the 

findings suggesting  Na/K-ATPase dysfunction in BD, it is important to 

investigate  the pathophysiology of BD using Na/K-ATPase inhibitor. Ouabain is 

one of the digitalis-like compounds (DLC) that selectively bind to and inhibits  

Na/K-ATPase (36, 44-46). Digitalis, one of the cardiac glycosides, is a plant 

steroid that selectively inhibits Na/K-ATPase (44), causing mania-like affective 

alterations including elevated mood, excessive behavior, and increased thoughts as 

one of the side effects (47). An endogenous DLC identified in human tissue (48, 49) 
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shows altered levels in the plasma (50) and the parietal cortex (51) of BD patients. 

Exogenous administration of ouabain induces an acute dose-dependent increase in 

the locomotor activity of rats (22, 52, 53). Ouabain-induced hyperactivity persists 

for seven or nine days after a single administration of ouabain (54-58), and it was  

was normalized by administration of lithium, carbamazepine, and haloperidol (59, 

60). In addition, intracerebroventricular (ICV) administration of ouabain, a specific 

inhibitor of Na/K-ATPase, induces mania-like behavioral changes in rats and  is 

proposed as one of the putative BD animal models (22, 52, 59). While these 

findings show alterations in behavioral level, further studies of the underlying 

intracellular molecule mechanism inducing behavioral changes are required to 

enhance validity of ouabain animal model for BD. 

Therefore, based on the hypothetical pathology of Na/K-ATPase dysfunction, it 

is necessary to further investigate  the mechanisms of signal transduction pathway 

involved in Na/K-ATPase affected by ouabain as well as therapeutic agents 

induced behavioral changes through the pharmacological rat mania model using 

ouabain, a specific Na/K-ATPase inhibitor. 

 

2. ERK, Akt, and PKC pathway and BD 

As mentioned above, it has been demonstrated that ouabain activates Ras/ERK1/2, 

PI3K/Akt, and PLC/PKC pathway by activation of complex with Src and EGFR in 

vitro cultured cell including cardiac myocytes and renal epithelium cells. However, 

the possible involvement of these signaling mechanisms in vivo in the brain is not 

certainly. 
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The possible involvement of ERK1/2, Akt, and PKC in the pathogenic and 

therapeutic mechanism of BD have been reported (61-68). ERK has been 

suggested to play important roles in psychotomimetic behavioral alterations in 

animals (69-71), and  an activation of ERK pathway has been reported in 

ouabain rat model for BD (53). ERK was also implicated as one of the major 

action targets of mood stabilizers (61). Moreover, the genetic association of the 

AKT gene in BD as well as in schizophrenia (72) has been reported (73-75). Akt 

is a downstream signaling effector of dopamine receptors (76), which are critical 

mediators of the neurotransmitter system related to BD (77). Akt also has been 

suggested to be a putative therapeutic target of BD (78, 79); mood stabilizers such 

as lithium and valproate, electroconvulsive seizure (ECS), and antipsychotics 

including haloperidol and clozapine affect the Akt signal pathway (63, 80, 81). 

Cumulative data has suggested that PKC involvement in the pathophysiologic and 

therapeutic mechanisms of psychiatric disorders (65, 68, 82). Dysregulation of the 

PKC signaling cascade has been implicated in changes in PKC and its substrates 

in BD patients (67, 83-85) This shows significantly enhanced membrane PKC 

activity and an increased translocation of PKC in postmortem frontal cortex (66) 

and on blood platelet (84, 85) of BD patients during acute mania. In addition, 

lithium (Li) and valproate (VPA) have been widely applied and are currently 

effective medications to BD patients with mania and mood disorder (84, 86). They 

target protein kinase C (PKC) (84, 86), inducing changes in PKC signaling 

pathways after treatment with mood stabilizers (67, 87, 88). Recent studies 

demonstrated that the PKC inhibitor tamoxifen reduced manic-like behavior in 

animal (68), indicating that PKC modulation plays a key role in the treatment of 
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mania (86, 89, 90). These reports suggest the crucial role of ERK, Akt, and PKC 

pathway in BD. 

 

3. The possible involvement of ERK, Akt, and PKC pathways 

involved in Na/K-ATPase signal transduction in a rat model 

for BD 

ICV administration of ouabain induced hyperactivity in rats (52, 91). These 

findings suggest that the signal transduction mechanisms of DLCs including 

ouabain are involved in ouabain-induced behavioral changes that mimic the 

phenotypes of BD.  

Dopamine (DA) is a neurotransmitter widely believed to be implicated in manic 

episodes of BD. The elevated dopamine neurotransmission in genetic and 

pharmacological animal models appears to mimic the manic symptoms of BD (77, 

92, 93). Na/K-ATPase is involved in neurotransmitter release including DA (94), 

and intracerebral administration of ouabain has been reported to increase levels of 

DA or its metabolites in the rat brain (94, 95). These suggest an interconnected 

relationship between DA and Na/K-ATPase regulatory systems which are two 

crucial modulators in the pathophysiological mechanisms of BD. 

Tyrosine hydroxylase (TH) is the first and the rate-limiting enzyme required for 

biosynthesis of DA with  its activity is regulated by phosphorylation. TH is 

phosphorylated at four serine residues (Ser8, Ser19, Ser31, and Ser40) in the N-

terminal regulatory domain in vitro (96-98). Among these, phosphorylation of only 

three (Ser19, Ser31, and Ser40) is regulated in vivo (99). Various protein kinases 
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and phosphatases are involved in the dynamic regulation of TH phosphorylation. 

Representatively, TH phosphorylation at Ser19 by calcium- and calmodulin-

stimulated protein kinase II (CaMKII), at Ser31 by extracellular signal-regulated 

protein kinase (ERK)1/2,  at Ser40 by protein kinase A (PKA) or protein kinase G 

(PKG), and dephosphorylation by protein phosphatase 2A or 2C (PP2A or PP2C) 

by various stimuli have been reported (96, 100-102). As noted above, the Ser31 

residue on TH is directly phosphorylated by ERK1/2 (96). In addition, possible 

involvement of ERK1/2 or its downstream kinase, p90 ribosomal S6 kinase 

[p90RSK, or mitogen-activated protein kinase-activated protein kinase 1 

(MAPKAP1)], in TH phosphorylation at Ser40 or Ser19 has been reported (103, 

104). Moreover, phosphorylation at Ser31 by ERK1/2 has a major effect on the rate 

of Ser40 phosphorylation and TH activation (105). These findings indicate the 

importance of ERK1/2 signaling in the regulation of TH activity. 

The binding of ouabain to Na/K-ATPase can activate Akt-related signaling (39, 

42, 72, 106, 107) in vitro cell line. Activated Akt phosphorylates multiple 

downstream substrates, including glycogen synthase kinase-3β (GSK-3β), forkhead 

box, class O1 (FOXO1), and endothelial nitric oxide synthase (eNOS) (108-111). 

Akt phosphorylates GSK-3β, a well-known molecular target of mood stabilizers, at 

Ser9 and inhibits its activity (109, 112). FOXO1 belongs to the family of forkhead 

transcription factors and can be phosphorylated by Akt at Thr24, Ser256 and 

Ser319, which causes the inactivation of FOXO1 (113-115). Recently, the possible 

involvement of FOXO1 in mood relevant behaviors was reported (116). eNOS 

synthesizes nitric oxide (NO) from L-arginine, and Akt directly phosphorylates 

eNOS on serine 1179 causing its activation (108, 117). This may be also related to 
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the pathophysiology of BD (118-120). 

Akt and ERK1/2 signal pathways are responsible for the effects on gene 

transcription, neuroprotection, proliferation, and protein translation initiation (121, 

122). These effects could support the long-term consolidation of behavioral 

changes, including therapeutic effects of various psychotropic medications and 

long-lasting psychotomimetic behavioral changes. Activation of the Akt pathway 

in the ouabain rat model for mania of BD along with ERK1/2 pathway activation 

(53) could alter the molecular and cellular environments in the brain and facilitate 

long-lasting behavioral changes. 

Protein translational control is a fundamental biological process affecting cell 

growth, survival, and proliferation; it also plays a key role in the long-term 

modification of neural circuits and behavior (123, 124). Synaptogenesis, dendritic 

arborization, axonal growth, and differentiation require appropriate protein 

translation machinery as protein translation is important for learning and memory 

(125). A previous study has reported reduced protein levels of translation-related 

signaling molecules in postmortem brain tissue of patients with depression (126). 

The n-methyl-D-aspartate (NMDA) receptor antagonists elicit antidepressant 

actions by initiating protein translation (127) and activating elongation signals in 

the frontal cortex (128). These reports suggest a possible relationship between 

protein translation control and mood regulation. 

Ouabain controls intracellular signal transduction molecules including ERK1/2 

and Akt in vitro (36, 37). Protein translation is tightly regulated by interconnected 

signaling pathways. Initiation is the rate-limiting step in translation, and ERK and 

Akt pathways are representative of those responsible for initiation of translation 
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(121, 122). Akt activates the mammalian target rapamycin (mTOR) followed by 

phosphorylation of eukaryotic translation initiation factor 4E binding protein (4E-

BP) and p70 ribosomal S6 kinase (p70S6K) (129). ERK1/2 is also involved in 

p70S6K phosphorylation (130). Activated p70S6K induces the phosphorylation of 

small ribosomal protein 6 (S6) and eukaryotic translation initiation factor 4B 

(eIF4B) (131, 132). p90 ribosomal s6 kinase (p90RSK), regulated by ERK1/2, also 

directly phosphophorylates S6 (133). Therefore, mTOR, p70S6K, and S6, 

regulated by the Akt and ERK pathway, can act as one of the critical points 

regulating initiation of protein translation. However, there is no report about how 

the protein translation initiation pathways are regulated in ICV ouabain injected rat 

model of BD. 

Na/K-ATPase is one of the most abundant proteins in the brain which consumes 

about 40-50% of ATP generated in the brain (36, 134, 135). Inhibition of Na/K-

ATPase by binding of ouabain blocks ATP hydrolysis, and ATP production is 

increased by oxidative phosphorylation in epithelial cells (136, 137). In fact, it has 

been reported that ouabain inhibits ATP consumption and subsequent AMP-

activated protein kinase (AMPK) phosphorylation, which is regulated by the AMP-

to-ATP ratio in rat parotid acinar cells (138).  

AMPK is a serine-threonine kinase that is known to be a major metabolic sensor 

that plays a role in maintaining metabolic homeostasis (139). In mammals, the 

activation of AMPK occurs primarily through the phosphorylation of its catalytic 

a-subunit at Thr172 residue by liver kinase B1 (LKB1) or by calcium/calmodulin-

dependent protein kinase kinase β (CaMKKβ) (140, 141). Generally, activated 

AMPK promotes catabolic pathways (glycolysis, fatty acid oxidation and 
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mitochondrial biogenesis) and inhibits anabolic pathways (gluconeogenesis, 

glycogen, fatty acid and protein synthesis). AMPK participates in various 

physiological processes via phosphorylating its downstream targets (142). AMPK 

plays a central role in controlling lipid metabolism through modulating the 

downstream acetyl CoA carboxylase (ACC) and carnitine palmitoyl transferase 1 

(CPT1) pathway (143). The phosphorylation of ACC at Ser79 by AMPK leads to 

the inactivation of ACC (144), and the level of Ser79 phosphorylation is commonly 

used as an in-vivo measure of AMPK signaling in response to various stimuli (145). 

ACC catalyses the production of malonyl CoA, which is both a major building 

block for de-novo fatty-acid synthesis and an allosteric inhibitor of CPT1 (146). 

CPT1, which is inhibited by unphosphorylated ACC, is the rate-limiting enzyme 

that transfers the long chain fatty acyl CoA to the mitochondria for beta oxidation 

(147). Of the three isoforms of CPT1, only CPT1a, localized in the mitochondria, 

and CPT1c, localized in the endoplasmic reticulum (ER), are expressed in the brain. 

CPT1a is expressed ubiquitously throughout the body, and CPT1c is only 

expressed in the brain (148). Additionally, protein phosphatase 2Cα (PP2Cα) is 

known to play a major role in the dephosphorylation of AMPK (149-151) and can 

regulate activity of AMPK. In addition, AMPK may be negatively regulated by 

mTOR as a another energy metabolic sensor in response to nutrient signaling (152). 

These evidence suggest that activity of AMPK pathway related to the cellular 

energy metabolism in the brain might be involved in Na/K-ATPase signal 

transduction by ouabain. 

The binding of ouabain to Na/K-ATPase pump is involved in regulation of 

intracellular signaling transduction protein kinase C (PKC) (36, 37). Ouabain 
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induces the hydrolysis of phosphatidylinositol biphosphate (PIP2) and the 

production of IP3 and DAG, which activates PKC in cardiac myocytes and rat 

renal cells (72, 106, 153). Moreover, ICV injection of ouabain induced 

hyperactivity in rats, which was inhibited by anticonvulsant, mood stabilizer, and 

anitpsychotics such as carbamazepine, VPA, and haloperidol (59, 60). However, 

studies about the mechanism underlying its effects have not been reported. 

Moreover, PKC overactivity has been associated with motoric hyperactivity, 

manic-like behavior. Psychostimulants induced manic-like behaviors in rodents (68, 

154) are known to activate PKC (68, 155-157), which also was inhibited by anti-

manic agent lithium (82).  

Protein kinase C (PKC) is a family of serine/threonine kinases that is highly 

expressed in the brain including striatum and nucleus accumbens (158-160), and 

controls neurotransmission, including neuronal excitability, neurotransmitter 

release, synaptic plasticity, learning, and memory (84, 85, 161, 162). Based on its 

structure and selective sensitivity to second messenger activators, calcium and 

diacylglycerol (DAG), PKCs are classically subdivided into three classes: 

conventional (α, βI, βII, γ), novel (δ, ε, η, θ, μ), and atypical (ζ, λ/ι) isoforms based 

on their molecular structure enzyme characterization and activation requirements. 

Conventional PKC isoforms (α, βI, βII, γ) require calcium and DAG for activation 

(DAG-dependent), whereas novel PKC isoforms (δ, ε, η, θ, μ), which lack the C2 

calcium-binding domain, only require DAG for activation (calcium-independent 

and DAG-dependent). Atypical PKC isoforms (ζ, λ/ι) lack both C2 and DAG-

binding C1 domains and, thus, are not responsive to calcium or DAG (both calcium 

and DAG-independent) but respond to lipidic mediators such as 
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phosphatidylinositol 3,4,5-triphosphate (163).  

In mammalian cells, including neurons, PKC is one of the most ubiquitous 

multifunctional kinases involved in the modification of a variety of substrate 

proteins related to diverse cellular and synaptic activities (164-166). In the central 

nervous system, growth-associated protein-43 (GAP-43; also known as 

neuromodulin) and myristoylated alanine-rich C kinase substrate (MARCKS) are 

major PKC substrates involved in neuronal differentiation and neurite outgrowth 

(167, 168), synaptic transmission, and neurotransmitter release (169). In particular, 

phosphorylation of GAP-43 at Ser41 and MARCKS at Ser152/156 is regulated by 

PKC, which can be used to measure the activity of PKC (65, 170, 171). Protein 

kinase C (PKC) has been implicated in the molecular mechanisms of brain 

development, synaptic plasticity, epilepsy, ischemia, and neuronal cell death (172). 

Electroconvulsive seizure (ECS), an animal model of electroconvulsive therapy 

(ECT), is effective in the treatment of depression, mania, and schizophrenia.  ECS 

increased phosphorylation of the major PKC substrates in the brain, including 

GAP-43, MARCKS, and neurogranin (173), which are involved in the regulation 

of synaptic plasticity (173-177). These studies of PKC activity have also produced 

information regarding PKC in BD and are implicated in the possible involvement 

of the changes in behavioral changes, PKC activity, and intracellular PKC signal 

pathway in ouabain model for mania of BD. 
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4. Purpose of the study 

Based on the possible involvement of Na/K-ATPase dysfunction in the 

pathophysiology of BD, animal model for mania of BD using ouabain, a selective 

Na/K-ATPase inhibitor, has been proposed (9, 10) to induce behavioral changes 

mimicking manic-like behavior of BD (53). However, the biochemical mechanisms 

underlying the development of these alterations caused by the Na/K-ATPase 

inhibitor remain to be clarified.  

Beyond the traditionally known role of Na/K-ATPase as an ion transporting 

pump, recent research shows that ouabain acts as a ligand for Na/K-ATPase and 

induces signal transduction in intracellular signaling pathways (36, 37). Studies on 

these mechanisms have primarily been undertaken with in vitro cultured cells. 

However, little reports are known to the effects of ouabain on neural cells, 

especially in vivo in the brain, regarding the possible involvement of these 

signaling events in ouabain-induced behavioral changes. Thus, it is necessary to 

investigate the role of ERK, Akt, and PKC pathway in Na/K-ATPase signal 

transduction in vivo with the brain associated with animal behavior and implicated 

in the pathogenic and therapeutic mechanism of BD through the pharmacological 

animal model using ouabain. 

In this study, the role of ERK, Akt, and PKC pathway in Na/K-ATPase signal 

transduction in the rat brain related to intracerebral administration of ouabain-

induced hyperactivity in rats was investigated. 
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Materials and Methods 

 

Animals  

Male Sprague–Dawley rats (200–250 g) were housed under a 12-h light/12-h 

dark cycle (lights on 08:00 h) with food and water available ad libitum. Animals 

were treated in accordance with the National Institutes of Health (NIH) Guide for 

the Care and Use of Laboratory Animals. Formal approval to conduct these 

experiments was obtained from the animal subjects review board of Seoul National 

University Hospital. (IACUC No. 08-0012, 09-0060, 10-0119) 

 

Intracerebroventricular (ICV) cannula placement 

Artificial cerebrospinal fluid (aCSF) (Harvard Apparatus, S. Natick, MA, USA) or 

ouabain (Sigma–Aldrich, Steinheim, Germany; dissolved in aCSF) (5 μl) was 

administered through the ICV cannula using a syringe pump (KD Scientific, 

Holliston, MA, USA) for 1 min. After injection, rats were immediately decapitated. 

The rats were anesthetized with intraperitoneal injection of ketamine (40 mg/kg; 

Yuhan, Seoul, Korea) and xylazine (18.64 mg/kg; Bayer, Seoul, Korea), and 

mounted on a stereotaxic apparatus (Narishige, Tokyo, Japan). The skull was 

exposed, and a hole was drilled to place a guide cannula (21 gauge; PlasticsOne, 

Roanoke, VA, USA) into the lateral ventricle (Bregma coordinates: AP -1 mm, ML 

2.5 mm, DV 3.5 mm (278). Verification of cannula placement was made by visual 

observation when dissecting the rat brain, and the verified samples were included 

for analysis. 
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Experimental procedure  

After acclimation of the rats to our facility for one week, surgery for ICV cannulae 

placement was performed on day 7. The rats were then housed individually and 

maintained for one week. On day 14, either artificial cerebrospinal fluid (aCSF) 

(Harvard Apparatus, S. Natick, MA, USA) or ouabain (Sigma-Aldrich, Steinheim, 

Germany; dissolved in aCSF) was administered through the ICV cannulae using a 

syringe pump (KD Scientific, Holliston, MA, USA). 

First, acute dose-dependent effects of ICV injection of ouabain on locomotor 

activity were examined. Rats were injected with 5 μl of 1, 10, 100, 500, or 1000 

μM ouabain, and locomotor activity was measured after 30 min, followed by 

decapitation and brain-sample acquisition. A time point of 30 min for an acute 

response was determined based on previous reports, including ours, which showed 

significant changes in ERK1/2 signaling-related behavioral changes (53). Second, 

time-dependent changes in the locomotor activity were investigated at 1, 2, 4, and 8 

h and  day 7 after a single ICV injection of 1 mM ouabain.  

Third, 1 mg/kg of haloperidol-HCl (dissolved in distilled water) or 20 mg/kg of 

verapamil (L-type calcium channel blocker) was intraperitoneally injected 30 min 

before ICV injection of 1 mM ouabain or aCSF. After injection of ouabain, 

locomotor activity was measured for 30 min followed by decapitation, and 

acquired brain-sample was used to measure activity of protein kinase C (PKC). 

Next, involvement of ERK1/2 in TH phosphorylation and increased locomotor 

activity by ouabain administration was examined. 2 mM of U0126 (1, 4-diamino-2, 

3-dicyano-1,4-bis[2-aminophenylthio] butadiene (Sigma–Aldrich; dissolved in 50% 

DMSO), specific MEK inhibitor, or 50% DMSO was injected through the ICV 
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cannula 15 min before ICV injection of ouabain or aCSF. After injection of 

ouabain, locomotor activity was measured for 30 min. After administration, the 

locomotor activity was measured for a designated period and rats were sacrificed 

by decapitation immediately after behavioral assessment. 

 

Measurement of locomotor activity 

Locomotor activity was measured with video tracking software (Activity Monitor 

Ver 5.0; MED Associates, St. Albans, VT, USA) on three different occasions. The 

first measurement was made on day 6, 1 day before ICV surgery, and was used to 

allow the animals to become acclimated to the testing environment. The second 

measurement was obtained on day 13, 1 day before ouabain injection, and served 

as the baseline. The third measurement was taken immediately after ICV injection 

of aCSF or ouabain on day 14. After the third measurement, the rats were 

immediately decapitated and their brains were dissected for analysis. Drug 

administration of vehicle, verapamil, haloperidol, U0126, or ouabain was 

performed around 12:00 h, and locomotor activity was measured during the light 

phase of the day (12:00-20:00 h). 

 

Sample preparations of homogenates and immunoblot 

analysis 

Whole frontal cortical and striatal tissue were immediately dissected after 

decapitation and were homogenized in a glass-Teflon homogenizer in ice-cold lysis 

buffer [containing 50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 0.2% NP-40, 10 mM 
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EDTA (pH 8.0), 4 mM EGTA (pH 8.0), 1 mM PMSF, 4 mM Na3VO4, 40 mM NaF, 

15 mM Na4P2O7, 100 mM β-glycerophosphate, 1 mM DTT, 1 mM PMSF, protease 

inhibitor cocktail]. The homogenates were centrifuged at 20,000 g for 20 min at 

4°C to remove large debris. The obtained supernatant was used as a whole cell 

extract for Western blotting. Protein determinations were carried out on all three 

fractions according to the method of Bradford (1976), using bovine serum albumin 

(BSA) as the standard (Bio-Rad, Hercules, CA).  

The proteins were separated by SDS-PAGE and transferred to nitrocellulose 

membrane (Whatman International Limited, Dasswl, Germany). The membranes 

were incubated with primary antibodies at dilutions of 1:500 to 1:2000 overnight at 

4°C (Table 1), followed by a second incubation with anti-rabbit or mouse IgG 

conjugated to horseradish peroxidase (Jackson ImmunoResearch Laboratories INC., 

West Grove, PA, USA) at room temperature (RT). Proteins were visualized by 

incubating blots with an enhanced chemiluminescence substrate mixture (Pierce, 

Rockford, IL, USA) followed by exposure to an X-ray film (AGFA Curix RPI, 

Mortsel, Belgium). Immunoblot signals in developed X-ray films were quantified 

with TINA program version 2.10G (Raytest, Straubenhardt, Germany). 

 

Sample preparation for cytosolic and membrane 

fractionations 

Striatal tissues homogenated in Homogenization Buffer A [containing 50mM Tris-

HCl (pH 7.4), 0.32 M sucrose, 10 mM EDTA, 4 mM EGTA, 1 mM PMSF, 4 mM 

Na3VO4, 40 mM NaF, 15mM Na4P2O7, 100mM β-glycerophosphate, 1 mM DTT, 1 



18 

 

mM PMSF, protease inhibitor cocktail] were centrifuged at 1,000 g for 10min at 

4°C to remove nuclei and large debris. Aliquots of the resulting supernatant (S1) 

was centrifuged at 20,000 g for 20 min at 4 °C to yield the S2 supernatant and the 

P2 pellet (cytosolic and membrane fractions, respectively). The P2 fraction was 

resuspended in Homogenization Buffer B [Buffer A with 0.2% Triton X-100]. 

Protein determinations were carried out on all three fractions according to the 

method of Bradford (1976), using bovine serum albumin (BSA) as the standard 

(Bio-Rad, Hercules, CA). 

 

PKC activity assay 

For determining the effects of haloperidol on ouabain-induced PKC activity, an 

ELISA-based assay system (Assay Designs, Stressgen, Ann Arbor, MI) using 

tetramethylbenzidine TMB substrate was used. The assay was carried out 

according to manufacturer’s instructions. Briefly, Whole striatal homogenates (5 

μg) were added to 96-well plates coated with a synthetic PKC substrate that was 

provided with the kit. The reaction was initiated by adding 10 μl of diluted ATP (1 

mg/ml) to each well following incubation at 30°C for up to 90 min. The reaction 

was stopped by emptying contents of the plate. 30 μl of Kinase Assay Dilution 

Buffer alone or with PKC activator was used as blank and positive controls, 

respectively. 40 μl of Phosphospecific Substrate Antibody was added to each well 

followed by 60 min incubation at RT. All wells were washed four times with Wash 

Buffer, and 40 μl of diluted Anti-Rabbit IgG: HRP Conjugate was added. After 30 

min incubation at RT, wells were again washed and 60 μl of TMB Substrate was 

added. Following further incubation at RT for 40 min, 20 μl of Stop Solution was 
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added, and absorbance was read at 450 nm in a microplate reader. The results were 

analyzed using SoftMax®  Pro 5 software. 

 

Immunoprecipitation  

Homogenates (400 μg of protein) extracted from the rat striatum were 

immunoprecipitated with 10ug of polyclonal anti-AMPKα antibody bound to 50μl 

protein G magnetic beads (Millipore Co.) at 4°C overnight on a rotator. The 

immunoprecipitates were collected using Magna rack after spin down, followed by 

extensive washing with lysis buffer. The proteins bound to magnetic beads were 

resuspended and eluted by boiling in laemmli sample buffer, separated on 8% 

SDS-PAGE gel, and immunoblotted with the monoclonal anti-PP2Cα antibody 

 

Immunohistochemistry  

Rats were anesthetized with urethane (1.5g/kg, i.p.) 8 h after ICV injections of 1 

mM ouabain and perfused intracardially with PBS, followed by perfusion of 4% 

paraformaldehyde in PBS (pH 7.4). The brains fixed in sucrose were sectioned at 

20 μm on a cryostat (Leitz, Wetzlar, Germany). Immunohistochemistry was 

performed with an ABC system (Invitrogen). Sections were quenched, blocked 

with goat normal serum, and incubated overnight at 4°C with antibodies against 

primary p-S6 (Ser240/244) at a 1:1500 dilution. After rinsing in 0.1 M PBS, a 

refined avidin–biotin technique in which a biotinylated secondary antibody reacts 

with several peroxidase conjugated streptavidin molecules was employed for 

amplification using a LSAB+kit/HRP (Dako Corporation, USA). The sections were 

http://endic.naver.com/search.nhn?query=anesthetize
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incubated in 3,3' Diaminobenzidine (DAB) substrate and subsequently mounted 

with DPX mountant (Fluka, Switzerland). Images of the regions of interest (area 

220μm ⅹ 300 μm) were digitally collected and counted using a computerized 

image analyser (Leica Application Suite V3, Germany). For each animal, the mean 

count of p-S6 positive neurons per examined brain region, including the prefrontal 

and cingulated cortex (278) was determined. 

 

Double labeled immunofluorescence 

The sections were blocked for 1 h with 3% BSA in TBST and incubated with 

primary anti-rabbit IgG antibodies [1:100 anti-p-S6 (Ser240/244) and 1:100 anti-

neuronal nuclear protein (Neu-N; Chemicon, USA)] at 4°C overnight. After 

washing in TBST, the sections were incubated with secondary antibodies (1:100 

Alexa Fluor 488 and 555; Molecular Probes, USA) for 1 h at RT. The sections 

were then fluorescence-labelled, nuclei were stained with 4’, 6’-diamidino-2-

phenylindole (DAPI) (Sigma-Aldrich), mounted with DPX mountant, and analysed 

on a Meta confocal microscope (Model LSM 510; Carl Zeiss MicroImaging Inc., 

Germany) equipped with four lasers (Diode 405, Argon 488, HeNe 543, and 

HeNe633). Each channel was separately scanned using a multitrack PMT 

configuration to avoid cross-talk between fluorescent labels. Images were acquired 

and reconstructed three-dimensionally using Zeiss LSM software. 

 

Translation assays in vitro  

The protein synthesis rate was measured using a cell-free system validated for the 
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brain (178-180). Frontal cortices obtained at 8 h after ouabain treatment were 

homogenized in 2.5 volume of the homogenization buffer [0.32 M sucrose, 50 mM 

HEPES-KOH (pH 7.54), 140 mM potassium acetate, 4 mM magnesium acetate, 2.5 

mM DTT], using five passes of a glass-Teflon homogenizer with a motor-driven 

pestle. Then the homogenates were centrifuged at 11,220 g for 10 min at 4°C. The 

supernatant (post-mitochondrial supernatant; PMS) was used for in vitro protein 

synthesis assay. Reactions were performed three times for each sample using a 150 

μg PMS for each reaction. The reaction was performed at 37°C for 45 min. The 

complete reaction mixture in a final volume of 0.1 ml contained 150 μg PMS, 0.32 

M sucrose, 50 mM Hepes buffer (pH 7.54), 200 mM potassium acetate, 5 mM 

magnesium acetate, 2.5 mM dithiotheitol, 1 mM ATP, 1 mM GTP, 500 mM 

creatine phosphate, 50 μg/ml creatine phosphokinase, and 50 μCi/ml [
3
H]leucine. 

The reaction was stopped by adding 1 ml distilled ice-cold water, after which 0.5 

ml of 1 M KOH containing 2 mg/ml unlabelled leucine was added, and the mixture 

was incubated at 37°C for an additional 10 min to release labelled amino-acid 

bound to tRNA and chilled. The proteins were precipitated by adding 1 ml of 25% 

TCA (containing 2 mg/ml unlabelled leucine) and storing at 4°C. The proteins 

were precipitated by adding 1 ml 25% trichloroacetic acid (containing 2 mg/ml 

unlabeled leucine) and stored at 4°C overnight. The precipitated proteins were 

collected on Whatman GF/C glass-fiber filters presoaked in 10% TCA by vacuum 

filtration, then washed with 10% TCA and dried. The filters were counted for 

radioactivity after agitation for 60 min with a liquid scintillation cocktail 

(PerkinElmer, Waltham, MA, USA). 
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CPT1 activity assay 

The homogenates were fractionated into mitochondrial and non-mitochondrial 

cytoplasmic proteins using a Mitochondria Isolation kit (Pierce Biotechnology) 

according to the manufacturer’s instructions. The mitochondrial and cytoplasmic 

fractions were used for CPT1a and CPT1c activity assays, respectively. 

Fractionated proteins were quantified using the BCA protein assay method (Pierce 

Biotechnology). CPT1 activity was measured by the method described by Shin et 

al. (181). CPT1 activity was determined by spectrophotometrically measuring the 

release of CoA-SH from palmitoyl CoA using [5, 5’-dithio-bis-(2-nitrobenzoic 

acid)] DTNB. Fractionated proteins (20 ml) were incubated with 200 ml reaction 

buffer containing 2 mM (indicating final concentration) DTNB, 116 mM Tris–HCl 

(pH 8.0), 2.5 mM EDTA, and 0.2% Triton-X 100 at RT in 96-well plates (SPL Life 

Science, Korea) for 20 min to eliminate all of the reactive thiol groups preexisting 

in the fractionated proteins. After the incubation, the absorbance was measured at 

412 nm using a Versa Max microplate reader (Molecular Devices, USA). To start 

the reaction, 100 μM of freshly mixed palmitoyl CoA (Sigma-Aldrich) in distilled 

water and 1 mM carnitine (Sigma-Aldrich) in 1 M Tris (pH 8.0) were added to the 

reaction mixtures. The reaction mixtures were incubated for 10 min at 37°C. After 

incubation, the absorbance at 412 nm was measured again. The difference between 

the absorbances with and without substrates was used as a measure of the release of 

CoA-SH. The activity was defined as the absorbance at 412 nm/mg protein. 
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Statistical analysis 

Immunoblot signals on developed X-ray films were quantified with TINA 2.10 G 

(Raytest, Germany), and the results were translated into optical densities (OD).The 

OD of the phosphorylation level was normalized to that of the corresponding total 

protein. Each group consisted of 4-10 animals. The mean relative OD of each 

group was compared with that of the vehicle control using one-way ANOVA, 

followed by Tukey’s test or independent t-test. All tests were performed using 

SPSS for Windows version 19.0 (IBM SPSS Inc., Chicago, IL, USA). P < 0.05 was 

deemed statistically significant. 
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Table 1. List of primary antibodies used for immunoblotting 

Epitope Source Host 

p-Akt (Ser473) Cell Signaling Technology Rabbit 

p-FoxO1 (Ser256) Cell Signaling Technology Rabbit 

p-GSK3 (Ser9) Cell Signaling Technology Rabbit 

p-eNOS (Ser1177) Cell Signaling Technology Rabbit 

p-mTOR (Ser2448) Cell Signaling Technology Rabbit 

p-mTOR (Ser2481) Cell Signaling Technology Rabbit 

p-p70S6K (Thr389) Cell Signaling Technology Rabbit 

p-p70S6K (Thr421/Ser424) Cell Signaling Technology Rabbit 

p-S6 (Ser240/244) Cell Signaling Technology Rabbit 

p-S6 (Ser235/236) Cell Signaling Technology Rabbit 

p-eIF4B (Ser422) Cell Signaling Technology Rabbit 

p-4E-BP (Thr37/46), Cell Signaling Technology Rabbit 

p-ERK1/2 (Thr202/Tyr204) Cell Signaling Technology Rabbit 

p-p90RSK (Thr359/Ser363) Cell Signaling Technology Rabbit 

p-TH (Ser19) Cell Signaling Technology Rabbit 

p-CaMKIIα (Thr286) Cell Signaling Technology Rabbit 

p-p38 (Thr180/Tyr182 Cell Signaling Technology Rabbit 

p-PKA substrate (Ser/Thr) Cell Signaling Technology Rabbit 

p-ACC (Ser79) Cell Signaling Technology Rabbit 

p-AMPKα (Thr172) Cell Signaling Technology Rabbit 

p-PKCα/II (Thr638/641) Cell Signaling Technology Rabbit 

p-PKCδ (Ser643) Cell Signaling Technology Rabbit 

p-PKC substrate (Ser/Thr) Cell Signaling Technology Rabbit 

p-MARCKS (Ser152/156) Cell Signaling Technology Rabbit 

eNOS Cell Signaling Technology Rabbit 

FoxO1 Cell Signaling Technology Rabbit 

S6 Cell Signaling Technology Rabbit 

TH Cell Signaling Technology Rabbit 

CaMKIIα Cell Signaling Technology Rabbit 

p38 Cell Signaling Technology Rabbit 

CaMKIV Cell Signaling Technology Rabbit 

LKB Cell Signaling Technology Rabbit 

AMPKα Cell Signaling Technology Rabbit 

ACC Cell Signaling Technology Rabbit 

Table is continued in next. 
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Epitope Source Host 

PKCδ Cell Signaling Technology Rabbit 

PP2Cα Cell Signaling Technology Rabbit 

p-LKB (Ser431) Santa Cruz Biotechnology Rabbit 

p-CaMKIV (Thr196) Santa Cruz Biotechnology Rabbit 

Akt Santa Cruz Biotechnology Rabbit 

GSK-3 Santa Cruz Biotechnology Rabbit 

ERK1/2 Santa Cruz Biotechnology Rabbit 

4E-BP Santa Cruz Biotechnology Rabbit 

PKCα Santa Cruz Biotechnology Rabbit 

PKCII Santa Cruz Biotechnology Rabbit 

GAP-43 Santa Cruz Biotechnology Rabbit 

p-TH (Ser31) Phosphosolutions Rabbit 

p-TH (Ser40) Phosphosolutions Rabbit 

p-GAP43 (Ser41) Phosphosolutions Rabbit 

p-PKCε (Ser729) Upstate Mouse 

PKCε Millipore Rabbit 

-actin Sigma–Aldrich Mouse 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



26 

 

Results 

 

1. Acute and temporal changes in locomotor activity after 

ICV injection of ouabain 

 

1.1 Acute dose-dependent effects of ICV injection of ouabain on 

locomotor activity 

Locomotor activity was measured for 30 min after treatment of 1, 10, 100, 500, and 

1000 μM of ouabain. Consistent with previous reports (52, 53), the horizontal 

distance traveled for 30 min after ouabain treatment changed according to the dose 

with higher doses of ouabain, 0.5 and 1 mM, inducing significant hyperactivity in 

rats (F = 19.59, p = 0.01 and p < 0.01, respectively) (Fig. 1) 

 

1.2. Time-dependent effects of ICV injection of ouabain on locomotor 

activity 

Locomotor activity was measured for 8 h (during light phase; 12:00–20:00) 

following administration of 1 mM ouabain in rats. Locomotor activity level was 

abruptly increased after ICV injection of ouabain and peaked at about 15 min. The 

ouabain-induced hyperactivity gradually decreased thereafter. However the activity 

level compared to that of aCSF-treated rats was maintained to be higher until 8 h 

after ouabain injection. A two-way ANOVA indicated a significant effect of the 

treatment (F =213.852, p < 0.001) and the time (F = 4.468, p < 0.001), and 
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interaction effect between treatment and time (F = 2.943, p < 0.001) on the 

locomotor activity changes. The total distance traveled during the 8 h in the 

ouabain-treated group (17987.7 ± 1255.2 cm) was significantly higher compared to 

that of the vehicle-treated group (2013.8 ± 381.7 cm) (t = 10.412, p < 0.001) 

(Fig.2).  

 

1.3. Change in locomotor activity on day 7 after ICV injection of 

ouabain  

Locomotor activity was measured for 30 min immediately after or 7 days after a 

single injection of ouabain. 1 mM ouabain significantly increased locomotion 

compared to control group immediately after injection (t = 6.147, p < 0.001). 

Although the hyperactivity did not show remarkably significance at day 7, it was 

still observed following a single treatment of 1 mM ouabain (t = 2.347, p = 0.0573) 

(Fig. 3). 

 

2. The effects in phosphorylation of TH pathway after ICV 

injection of ouabain; ERK1/2 mediating TH phosphorylation 

 

2.1. Acute dose-dependent changes in phosphorylation of TH in the rat 

striatum after ICV injection of ouabain  

After locomotor activity measurement during 30 min after ICV injection of aCSF 

or 1, 10, 100, 500, and 1000 μM ouabain, the striatum was dissected, and the 

phosphorylation level of TH at Ser19, Ser31, and Ser40 was examined. 
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Phosphorylation at Ser19, Ser31, and Ser40 was significantly affected in a dose-

dependent manner, similar to that observed in locomotor activity levels in response 

to ouabain administration (F = 48.749, p < 0.001; F = 10.033, p < 0.001; F = 

53.172, p < 0.001, respectively). Immunoreactivity of p-TH (Ser19) was 

significantly increased by 100 and 500 μM, and 1 mM ouabain (p = 0.007, p < 

0.001, p < 0.001, respectively), which reached a maximum level with 1 mM 

ouabain. Immunoreactivity of p-TH (Ser31) was significantly increased with 500 

μM and 1 mM ouabain (p = 0.001, p < 0.01, respectively), and that of p-TH (Ser40) 

was also significantly increased with 500 μM and 1 mM ouabain (p < 0.001, for 

both). In addition, immunoreactivity of p-TH (Ser40) was significantly decreased 

with 100 μM ouabain (p = 0.001) (Fig. 4A). Moreover, immunoreactivity of p-TH 

in the striatum changed in a dose-dependent manner similar to that observed in 

activity levels after ouabain administration. Indeed, there was a relatively high 

correlation between the locomotor activity and immunoreactivity of p-TH (Ser19, 

Ser31, and Ser40) (r = 0.840, p < 0.01; r = 0.725, p < 0.01; r = 0.837, p < 0.01, 

respectively) (Fig. 4B). There were no significant changes in the total level of TH 

at 30 min after ouabain administration (Fig. 4A). 

 

2.2. Time-dependent changes in phosphorylation of TH and ERK1/2 in 

the rat striatum after ICV injection of ouabain 

Based on previously reported study of dose-dependent increase in ERK1/2 

signaling-related behavioral changes by ouabain (53),  time-dependent changes 

were examined in phosphorylation of ERK1/2 in the rat striatum after treatment of 

1 mM ouabain.   
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At 1, 2, 4, and 8 h after a single ouabain injection, phosphorylation of TH at Ser19, 

Ser31, and Ser40 and that of ERK1/2 in the rat striatum was examined (Fig. 7). 

Immunoreactivity of p-TH (Ser19) was significantly increased at 1, 2, 4, and 8 h 

after ouabain administration compared with the control at each time point (t = 

6.135, p = 0.006; t = 8.987, p = 0.003; t = 12.124, p < 0.001; t = 3.148, p = 0.020, 

respectively) (Fig. 7B). At 1, 2, 4, and 8 h after ouabain administration, there was a 

significant increase in the immunoreactivity of p-TH (Ser31) (t = 6.266, P = 0.003; 

t = 8.326, p < 0.001; t = 10.370, p < 0.001; t = 4.108, p = 0.006, respectively( (Fig. 

7B) and p-TH (Ser40) (t = 14.931, p < 0.001; t = 13.006, p < 0.001; t = 11.753, p < 

0.001; t = 2.750, p = 0.033, respectively) (Fig. 7B). Along with the increase in TH 

phosphorylation, the immunoreactivity of p-ERK (Thr202/Tyr204) was increased 

until 8 h after ouabain injection (t = 5.530, p = 0.009; t = 8.096, p < 0.001; t = 

4.447, p = 0.004; t = 3.150, p = 0.020, respectively) (Fig. 7B). There were no 

changes in the total levels of TH and ERK1/2 compared with those of the vehicle-

treated controls at the examined time points (Fig.7A). 

 

2.3. ERK1/2, p90RSK, p38, CaMKIIα, and PKA substrate 

phosphorylation in the rat striatum after ICV injection of 1 mM 

ouabain 

As described above, ERK1/2 (Thr202/Tyr204) is responsible for ouabain-induced 

TH activation in the rat striatum. To examine changes in other kinases modulating 

TH activity in the rat striatum by 1 mM ouabain administration, immunoreactivity 

analysis of those kinases was performed.  

The phosphorylation of ERK1/2 (Thr202/Tyr204) and p90RSK (Thr359/Ser363) 
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(t = 7.199, p = 0.0004; t = 2.837, p = 0.0297, respectively) was increased and 

CaMKIIα (Thr286) and p38 (Thr180/Tyr182) phosphorylation was decreased 30 

min after 1 mM ouabain administration in the present study (t = 2.9235, p = 0.0261; 

t = 3.848, p = 0.0085, respectively) (Fig. 5B). Moreover, the immunoreactivity of 

the phosphorylation of PKA substrate (Ser/Thr) was increased in the rat striatum 30 

min after 1 mM ouabain administration (Fig. 5A). 

 

2.4. Effects of ERK1/2 inhibition on ouabain-induced TH 

phosphorylation in the rat striatum and on hyperactivity in rats  

As previously reported, the acute activation of ERK1/2 in the rat striatum is related 

to hyperactivity of rats after ICV injection of ouabain (53). To directly examine the 

involvement of ERK1/2 signaling pathways in ouabain-induced TH 

phosphorylation and hyperactivity of rats, U0126 (2 mM), a selective MEK 

inhibitor that inactivates ERK, was administered through an ICV cannula 15 min 

before 1 mM ouabain administration. The locomotor activity was measured for 30 

min, followed by decapitation for dissection of the striatum. Ouabain induced a 

significant increase in locomotor activity for 30 min compared with that in the 

vehicle control groups (p < 0.001), in which the locomotor activity was 

significantly reduced by ICV pretreatment with U0126 (p < 0.001) (Fig. 6A). 

Immunoblot analysis revealed that the significant increase in phosphorylation of 

ERK1/2 (Thr202/Tyr204) in the rat striatum by ouabain (p = 0.009) was 

significantly inhibited by pretreatment with U0126 (p = 0.008). Moreover, the 

increased phosphorylation of TH at Ser19, Ser31, and Ser40 induced by ouabain 

was inhibited by pretreatment with MEK inhibitor in the rat striatum (p = 0.002, p 
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= 0.019, p = 0.025, respectively) (Fig. 6C). Immunoreactivity of total ERK1/2 or 

TH was not affected by U0126 pretreatment or ouabain administration (Fig. 6B). 

 

3. The effects in phosphorylation of Akt pathway in the rat 

brain after ICV injection of ouabain 

 

3.1. Acute dose-dependent changes in the phosphorylation of Akt, GSK-

3β, FOXO1, and eNOS in the rat striatum and frontal cortex after ICV 

injection of 1 mM ouabain 

After locomotor activity measurement during 30 min after administration of aCSF 

or 1, 10, 100, 500, and 1000 μM ouabain, the immunoreactivity for p-Akt (Ser473) 

was investigated in the rat striatum and frontal cortex. Intrabrain injection of 500 

and 1000 μM ouabain induced a significant increase in p-Akt levels in the rat 

striatum (p < 0.01, p < 0.05, respectively) and frontal cortex (p < 0.05, p < 0.01, 

respectively) . Moreover, the phosphorylation levels of GSK-3β (Ser9), FOXO1 

(Ser256), and eNOS (Ser1177), which are downstream substrates of Akt, were also 

examined along with changes in Akt phosphorylation. p-GSK-3β, p-FOXO1, and 

p-eNOS levels also changed dose-dependently similar to that of p-Akt in the rat 

striatum (p < 0.05 , respectively). 1 mM ouabain induced a significant increase in 

the immunoreactivity of p-GSK-3β, p-FOXO1, and p-eNOS (for all, p < 0.05) in 

the rat striatum. There was no change in immunoreactivity of Akt, GSK-3β, 

FOXO1, and eNOS in the rat striatum after ouabain treatment (Fig. 8). 
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3.2. Time-dependent changes of Akt, GSK-3β, FOXO1, and eNOS in the 

rat striatum and frontal cortex after a single ICV injection of 1 mM 

ouabain  

After locomotor activity measurement during 8 h after ICV injection of aCSF or 1 

mM ouabain, the immunoreactivity for p-Akt (Ser473) including downstream 

substrates, GSK-3 (Ser9), FOXO1 (Ser256), and eNOS (Ser1177) was 

investigated in the rat striatum and frontal cortex. Immunoreactivity of Akt 

(Ser473), GSK-3 (Ser9), FOXO1 (Ser256), and eNOS (Ser1177) was investigated 

1, 2, 4, 8 h after ICV injection of 1 mM ouabain. Immunoreactivity of Akt (Ser473) 

was significantly higher in the rat striatum at 1 (p < 0.01), 2 (p = 0.01), 4 (p < 0.01), 

and 8 h (p = 0.03) after 1 mM ouabain treatment. Moreover, p-GSK-3β, p-FOXO1, 

and p-eNOS levels were also increased in the striatum at 1, 2, 4, 8 h after 

administration of 1 mM ouabain. There was no change in the total levels of Akt, 

GSK-3β, FOXO1, and eNOS in the rat striatum after ICV administration of 

ouabain (Fig. 9). 

 

4. Changes in protein translation initiation after ICV 

injection of 1 mM ouabain 

 

4.1. Time-dependent changes in mTOR pathway after ICV injection of 

1 mM ouabain 

As described above, the activation of ERK1/2 and Akt pathway by ouabain 

treatment was observed in the rat striatum. Initiation is the rate-limiting step in 
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translation, and Akt and ERK1/2 pathways are representative of those responsible 

for initiation of translation (121, 122). To investigate the effects of ouabain on 

translational pathway involved in Akt and ERK1/2 pathway in the rat brain at 1, 2, 

4, and 8 h after ICV injection of 1 mM ouabain, immunoblot analysis on time-

dependent effects of ouabain-induced translational pathway was performed. mTOR, 

one of the down-stream substrates of Akt (Ser473), can be activated by 

phosphorylation at Ser2448 (182, 183). However, phosphorylation at Ser2481 can 

also activate mTOR regardless of the status of phosphorylation at Ser2448 (184-

186). Therefore, the phosphorylation of mTOR at both Ser2448 and Ser2481 was 

examined. The immunoreactivity of p-mTOR (Ser2448) was remarkably increased 

after ouabain treatment at 2 and 4 h (p < 0.001, t = 5.617 and p = 0.0155, t= 3.180, 

respectively); however, no significantly changes were found in the 

immunoreactivity of p-mTOR (Ser2448) at 1 and 8 h. In addition, the significantly 

increased immunoreactivity of p-mTOR (Ser2481) was revealed at 2, 4, 8 h after 

ouabain treatment (p = 0.0121, t = 3,356, p = 0.0382, t = 2.548 and p = 0.0275, t = 

2.689, respectively), while no significantly changes were observed in the 

immunoreactivity of p-mTOR (Ser2481) at 1 h. The immunoreactivity of p-4E-BP1 

(Thr37/46), one of the substrates of mTOR, was shown to increases significantly at 

all-time points (p < 0.05). No changes were found in the total levels of mTOR or 

4E-BP1 (Fig. 10). 

Changes in phosphorylation of p70S6K at both  Thr389 and Thr421/Ser424 

which reflect the activity of p70S6K (187, 188), were examined after 1 mM 

ouabain treatment. Ouabain induced significant increases in phosphorylation levels 

of p70S6K (Thr389) at all-time points (t = 3.760, p = 0.0045; t = 4.966, p = 0.0016; 
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t = 3.886, p = 0.006; t = 4.799, p = 0.0014; at 1, 2, 4, and 8 h, respectively). 

Moreover, the significant increases in phosphorylation levels of p70S6K 

(Thr421/Ser424) were similar to the pattern of changes in phosphorylation of 

p70S6K (Thr389) at all-time points (t = 3.760, p = 0.0045; t = 4.966, p = 0.0016; t 

= 3.886, p = 0.006; t = 4.799, p = 0.0014; at 1, 2, 4, and 8 h, respectively). 

Phosphorylation levels of S6, a major substrate of p70S6K, at both Ser240/244 and 

Ser235/236 were analyzed. Phosphorylation of S6 at Ser240/244 is regulated by 

p70S6K (131, 189), and p90RSK phosphorylates S6 at Ser235/236 (133, 190) . The 

significantly increased immunoreactivity of p-S6 (Ser240/244 and Ser235/236) 

showed a similar alteration of p-p70S6K (p < 0.05, at 1, 2, 4, and 8 h, respectively). 

In addition, phosphorylation of eIF4B (Ser442), another substrate of p70S6K, 

significantly increased in a similar way (p < 0.05, at 1, 2, 4, and 8 h, respectively). 

No significant changes were found in the immunoreactivity of p-p70S6K, p-S6, or 

p-eIF4B following the 1 mM ouabain treatment at alltime points (Fig. 10A) 

 

4.2. Increased anatomical distribution of immunereactivity of p-S6 in 

the rat frontal cortex after ICV injection of 1 mM 

To further specify the location at which 1 mM ouabain treatment affects p-S6 in the 

rat brain, Immunohistochemistry and double-label immunofluorescence analysis 

were performed.  Immunohistochemistry was performed at 8 h after ICV injection 

of 1 mM ouabain. Based on cell morphology, p-S6 (Ser240/244) immunoreactivity 

was localized in the cytoplasmic part of the neurons, and the density of p-S6 

(Ser240/244) positive neurons was decreased in the prefrontal cortex at 8 h after 

ouabain treatment compared to that of vehicle control groups (Fig.11). The p-S6 
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(Ser240/244) positive cells per cortical region examined were counted. The p-S6 

(Ser240/244) positive cells were significantly increased in ouabain-treated samples 

compared to those of vehicle-treated controls in the prefrontal (t = 5.33, p < 0.01) 

and cingulate (t =4.1, p < 0.01) cortices (278) (Fig. 11B). Next, to investigate 

whether the cells stained with p-S6 (Ser240/244) antibody were of neuronal origin, 

immunofluorescence analysis was performed as observed on cell morphology. 

Immunoreactivity of p-S6 was co-localized with Neu-N, a specific neuronal protein 

(191), which was increased in the prefrontal cortex at 8 h after ouabain 

administration (Fig. 16A). In addition, immunoreactivity of p-S6 was not co-

localized with immunoreactivity of DAPI (4’, 6-diamidino-2-phenylindole), a 

fluorescence stain labeling cell nuclei through binding to DNA (192) and with that 

of GFAP, a marker of glial cells (Fig. 12B). Ouabain treatment increased the 

immunoreactivity of p-S6 in the cytoplasm of the neurons in the rat cortical regions, 

including frontal and cingulate cortices. 

 

4.3. Increases in protein synthesis rate in the rat frontal cortex after 

ICV injection of 1 mM ouabain 

Based on the findings concerning the molecules related to the initiation of protein 

translation, it was expected that the protein synthesis rate in the rat frontal cortex 

could be affected by ouabain treatment. To determine the protein translation rate in 

the rat frontal cortex after ouabain treatment, an in-vitro translation assay, validated 

for the analysis of protein translation rate in brain tissue samples, was used to 

measure the incorporation of [
3
H] leucine in precipitated proteins, using PMS of 

frontal cortical tissue (178-180, 193). At 8 h after ICV injection of 1 mM ouabain, 
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incorporation of [
3
H] leucine was increased by 44% of that of the vehicle control 

(t=2.745, p = 0.0335) (Fig. 13). Taken together, these findings indicate that the 

protein synthesis rate was significantly increased in the frontal cortex at 8 h after 

ICV injection of 1 mM ouabain. 

 

5. Changes in AMPK pathway after ICV injection of 1 mM 

ouabain 

 

5.1. Time-dependent changes in the phosphorylation of LKB-CaMKIV-

AMPKα-ACC pathway after ICV injection of 1 mM ouabain 

To investigate the activity of AMPKα, ACC, CaMKKβ, LKB1, and PP2Cα in the 

rat striatum after ouabain treatment, immunoblot analysis was performed. AMPKα 

activity was determined by measuring the phosphorylation level of the AMPKα 

subunit at Thr172, which reflects the activation of AMPKα (194). ICV injection of 

1 mM ouabain induced alterations in the phosphorylation level of AMPKα (Thr172) 

as time changed. Immunoreactivity of AMPKα (Thr172) was significantly 

increased 0.5 h after ouabain administration (t = 4.159, p < 0.01). In addition, the 

remarkable decrease in immunoreactivity of AMPKα (Thr172) was observed at 2 h 

(t = 5.611, p < 0.001), but no significant changes were observed in the 

immunoreactivity of AMPKα (Thr172) at 4 and 8 h. Next, the effect of ouabain on 

the change in the activity of ACC was examined. ACC activity was determined by 

measuring the phosphorylation level of ACC at Ser79 where AMPKα 

phosphorylates (195). As shown by the immunoblot analysis, the phosphorylation 
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level of ACC (Ser79) was significantly increased at 0.5hr after ouabain 

administration. In addition, a significant decrease in the immunoreactivity of p-

ACC (Ser79) 2 h after ouabain treatment (t = 2.905, p < 0.05). To investigate the 

upstream regulators involved in ouabain-induced AMPK-ACC signaling, the 

activity of LKB1 was determined by measuring the phosphorylation of LKB1 at 

Ser431 (196). Also, the activity of CaMKKβ was determined by measuring the 

phosphorylation level of CaMKIV at Thr196, which reflects CaMKKβ activity 

(197). The phosphorylation levels of LKB1 (Ser431) and CaMKIV (Thr196) were 

significantly affected at all-time points after ouabain administration (p < 0.05) (Fig. 

14) 

 

5.2. The increased PP2C bindings to AMPKα and decreased CPT1 

activity 2 h after ICV injection of 1 mM ouabain 

As described above, the increase in the immunoreactivity of PP2Cα at 2 h after 

ouabain was accompanied by the decrease in the phosphorylation of AMPKα 

(Thr172). To elucidate the hypothesis that the increased expression of PP2Cα might 

be responsible for activity of AMPKα, homogenates extracted from striatum were 

immunoprecipitated with polyclonal anti-AMPKα. Immunoprecipitates were then 

separated by SDS-PAGE and immunoblotted for PP2Cα and AMPKα (Thr172). As 

shown by immunoblot, PP2Cα binding to AMPKα was substantially increased, and 

a decrease in phosphorylation of AMPKα (Thr172) as a control was revealed. Next, 

to determine a decrease in the phosphorylation of ACCα by inactivation of AMPKα 

at 2 h after ouabain treatment, the CPT1 activity level was performed 

spectrophotometrically using carnitine and palmitoyl CoA, the substrates of CPT1. 
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The activity of CPT1a in the mitochondrial fraction was significantly decreased at 

2 h (t = 4.878, p < 0.01) after ICV injection of 1 mM ouabain; however, the activity 

of CPT1c in the cytoplasmic fraction was not affected by ouabain administration 

(Fig. 15).  

 

6. Changes in PKC activity in the rat striatum after ICV 

injection of ouabain 

 

6.1. Ouabain-induced changes in PKC activity in the rat striatum 

homogenates and locomotor activity in rats by treatment with 

haloperidol 

To analyze the effects of haloperidol on acute ICV injection of 1 mM ouabain, 1 

mg/kg haloperidol was intraperitoneally administered 30 min before 1 mM ouabain 

treatment, and locomotor activity was measured for 30 min after ICV injection, 

followed by decapitation for dissection of the striatum. Ouabain induced a 

significant increase in locomotor activity for 30 min compared with that in the 

vehicle control groups (F=5.981, p < 0.05), which was significantly blocked by 

pretreatment with haloperidol (F=5.981, p < 0.05) (Fig. 18A). Moreover, in order 

to investigate the effect of haloperidol on ouabain in the rat striatum, the kinase 

activity of PKC was measured. The analysis of PKC activity assay showed that 

ICV injection of 1 mM ouabain significantly increased PKC activity by 160.1% in 

whole striatal homogenates (F=7.398, p < 0.05). On the other hand, the PKC 

activity was significantly decreased by 112.2% in haloperidol-pretreated ouabain 
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group compared with that in the ouabain-treated groups (F=7.398, p < 0.05) (Fig. 

18B) 

 

6.2. Ouabain-induced changes in the phosphorylation of PKC by 

treatment with haloperidol in the rat striatum homogenates 

To investigate the effect of ICV injection of ouabain with haloperidol on the 

phosphorylation of PKC in the rat striatum, changes in the phosphorylation of PKC 

isoforms including PKCα/βII (Thr638/641), PKCδ (Ser643), and PKCε (Ser729) 

using immunoblotting were measured. Ouabain injection significantly increased 

the phosphorylation of PKCδ (Ser643) and PKCε (Ser729), while pretreatment 

with haloperidol decreased in their immunoreactivity by ouabain administration in 

the rat striatum (p < 0.05, respectively) (Fig. 19).  

 

6.3. Ouabain-induced changes in phosphorylation of PKC substrates by 

treatment with haloperidol in the rat striatum homogenates. 

As mentioned above, ouabain increased the PKC activity and haloperidol 

decreased its activity by ouabain administration in the rat striatum. It was examined 

whether haloperidol injection could affect the phosphorylation status of PKC 

substrates, reflecting PKC activity. The immunoreactivity of p-PKC substrate 

(Ser/Thr), p-MARCKS (Ser152/156), and p-GAP-43 (Ser41) in the rat striatum 

was determined by immunoblotting analysis. ICV administration of 1 mM ouabain 

showed an increased in phosphorylation of the PKC substrate (Ser/Thr) when 

compared to the vehicle group, which was blocked by haloperidol (Fig. 20A).  
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GAP-43 and MARCKS are representative substrates of PKC in the brain. The 

phosphorylation of the GAP-43 (Ser41) and MARCKS (Ser152/156) in the rat 

striatum was significantly increased by 1 mM ouabain (F=11.95 and F= 13.98, p < 

0.05 and p < 0.01, respectively) and was attenuated by haloperidol pretreatment 

(F=11.95 and F= 13.98, p < 0.01 and p < 0.05, respectively) (Fig. 20B). There were 

no significant changes in the total level of GAP-43 and MARCKS in ouabain 

administration or haloperidol pretreatment group (Fig. 20A) 

  

6.4. Ouabain-induced changes in PKC activity in the rat striatum 

homogenates and locomotor activity in rats by treatment with 

verapamil  

Verapamil, an L-type calcium channel blocker, has been reported to be effective 

treatment of mania and hypomania. To analyze the effects of verapamil on acute 

ICV injection of 1 mM ouabain, 20 mg/kg verapamil was intraperitoneally 

administered 30 min before 1 mM ouabain treatment, and locomotor activity was 

measured for 30 min after the ICV injection, followed by decapitation for 

dissection of the striatum. Ouabain induced a significant increase in locomotor 

activity for 30 min compared with that in the vehicle control groups (F=13.43, p < 

0.01), in which the locomotor activity was significantly blocked by pretreatment 

with verapamil (F=13.43, p < 0.01) (Fig. 21A). Moreover, to investigate the effect 

of verapamil on ouabain in the rat striatum, the kinase activity of PKC was 

measured. The analysis of PKC activity assay showed that ICV injection of 1 mM 

ouabain significantly increased PKC activity by 164.9% in whole striatal 

homogenates (F=13.11, p < 0.01), and significantly decreased by 131.5% in 
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verapamil-pretreated ouabain group compared with that in the ouabain-treated 

groups (F=13.11, p < 0.05) (Fig. 21B).  
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Figure 1. Dose-dependent changes in locomotor activity after ICV injection of 

ouabain 

Locomotor activity was measured for 30 min using video tracking software immediately 

after treatment with VEH or OUA (1, 10, 100, 500, 1000 μM ouabain). Total distance 

traveled for 30 min after ICV administration of ouabain changed dose-dependently. Data 

are expressed as the total distance traveled for 30 min (cm) and given as the average values 

and standard errors (n=6–10 for each treatment group). ANOVA with post hoc Tukey's test 

was performed and the asterisks (*) indicate statistically significant differences compared to 

the vehicle control (P<0.05). VEH and OUA indicate the vehicle (aCSF-treated control) 

and ouabain, respectively. 
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Figure 2. Time-dependent effects of ICV injection of 1 mM ouabain on 

locomotor activity 

Locomotor activity was measured for 8 h using video tracking software immediately after 

treatment with VEH or 1 mM OUA. Total distance traveled for 8 h after ICV 

administration of ouabain changed. Data are expressed as the distance traveled for 5 min 

(cm), which are given as the average values and standard errors (n = 8–10 for each 

treatment group), and time-dependent changes were plotted. VEH and OUA indicate the 

vehicle (aCSF-treated control) and ouabain, respectively.  
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Figure 3. Prolonged hyperactivity in locomotor activity on day 7 after ICV 

injection of ouabain 

Locomotor activity was measured for 30 min using video tracking software immediately 

after treatment with VEH or 1 mM OUA on Day 0. Rats treated with a single ouabain on 

Day 0 showed hyperactivity than rats in VEH-treated-group. The rats showed a  decrease 

in activity on Day 7 compared to Day 0 but remained more active than rats in VEH-treated-

group. Data are expressed as the distance traveled every 30 min (cm) and given as the 

average values and standard errors (n=4 for each treatment group). VEH and OUA indicate 

the vehicle (aCSF-treated control) and ouabain, respectively. 
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Figure 4. Dose-dependent increase in TH phosphorylation in the rat striatum 

after ICV injection of ouabain 

(A) Representative immunoblots of the rat striatum 30 min after ICV injection of ouabain. 

Protein samples from the striatum were probed with antibodies against p-TH (Ser19, Ser31, and 

Ser40), TH, and β-actin. (B) Quantification of the immunoblot data using densitometric analysis of 

band intensity (n = 4-6 for each group). Data are expressed as the relative OD and given as the mean 

± SE. The relative ODs are percentages of the OD of each vehicle control. The asterisks indicate 

statistically significant differences in each immunoreactivity value compared with vehicle control (P 

< 0.05). (C) Data are expressed as the relative values compared to vehicle-treated controls and 

analyzed with Pearson’s correlation analysis. A significant positive correlation between the locomotor 

activity and immunoreactivity of p-TH (Ser19, Ser31, and Ser40) in the striatum was found. 

B. A. 
 

C. 
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Figure 5. ERK1/2, p90RSK, p38, CaMKIIα, and PKA substrate 

phosphorylation in the rat striatum after ICV injection of 1 mM ouabain  

(A) Representative immunoblots of the rat striatum 30 min after ICV treatment with 1 mM 

ouabain. Protein samples from the striatum were probed with antibodies against p-ERK1/2 

(Thr202/Tyr204), p-p90RSK (Thr359/Ser363), p-CaMKIIα (Thr286), p-p38 

(Thr180/Tyr182), and p-PKA substrate (Ser/Thr), and β-actin. (B) Quantification of the 

immunoblot data using a densitometric analysis of band intensity as described in the legend 

for Fig. 4B (n = 4-6 for each group).aCSF: artificial cerebrospinal fluid. 

 

 

B. A. 
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Figure 6. Effect of MEK inhibitor on ouabain-induced TH phosphorylation in 

striatum and on hyperactivity in rats 

(A) Locomotor activity was measured for 30 min using video tracking software. Total 

distance traveled for 30 min after ICV injection of 1 mM ouabain was significantly reduced 

by pretreatment with U0126 (2 mM), a selective MEK inhibitor. Data are expressed as the total distance 

traveled during 30 min and given as mean ± SE (n = 6 for each treatment group). ANOVA with 

Tukey’s test was performed, and the asterisks indicate statistically significant differences 

compared with the vehicle control (p < 0.05). (B) Representative immunoblots of the rat striatum 30 min 

after ICV treatment with 50% DMSO or U0126 followed by injection of aCSF or ouabain (1 mM). 

Protein samples from the striatum were probed with antibodies against p-ERK1/2 

(Thr202/Tyr204), p-p90RSK (Thr359/Ser363), p-TH (Ser19, Ser31, and Ser40), ERK, TH, and β-

actin. (C) Quantification of the immunoblot data using a densitometric analysis of band intensity as 

described in the legend for Fig. 4B (n = 4-6 for each group).aCSF: artificial cerebrospinal fluid. 

B. 
 

A. 
 

C. 
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Figure 7. Temporal changes in phosphorylation levels of TH and ERK1/2 in 

the rat striatum after ICV injection of ouabain 

(A) Representative immunoblots of the rat striatum at 1, 2, 4, and 8 h after ICV treatment 

with ouabain (1 mM). Protein samples from the striatum were probed with antibodies 

against p-TH (Ser19, Ser31, and Ser40), p-ERK1/2 (Thr202/Tyr204), TH, ERK, and β-

actin. (B) Quantification of the immunoblot data using a densitometric analysis of band 

intensity as described in the legend for Fig. 4B (n = 4-6 for each group).aCSF: artificial 

cerebrospinal fluid. 

 

 

B. 
 

A. 
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Figure 8. Dose-dependent changes in the phosphorylation level of Akt, GSK-3β, 

eNOS, and FOXO1 in the rat striatum 30 min after ICV injection of ouabain 

(A) Representative immunoblots of the rat striatum 30 min after ICV administration of 

ouabain at the indicated doses. Protein samples from striatum were probed with antibodies 

against p-Akt (Ser473), p-GSK-3β (Ser9), p-FOXO1 (Ser256), p-eNOS (Ser1177), Akt, 

GSK-3β, FOXO1, and eNOS.  (B) Quantification of the immunoblot data using 

densitometric analysis of band intensity (n=6-10 for each group), as described in the legend 

to Fig. 4B. VEH indicates the vehicle-treated control. P values≤0.05 were considered 

statistically significant, and the asterisks (*) indicate statistically significant differences 

compared to vehicle control. 

B. 
 

A. 
 

A 
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Figure 9. Dose-dependent changes in the phosphorylation level of Akt, GSK-3β, 

eNOS, and FOXO1 in the rat frontal cortex 30 min after ICV injection of ouabain 

(A) Representative immunoblots of the rat frontal cortex 30 min after ICV administration of 

ouabain at the indicated doses. Protein samples from the frontal cortex were probed with 

antibodies against p-Akt (Ser473), p-GSK-3β (Ser9), p-FOXO1 (Ser256), p-eNOS 

(Ser1177), Akt, GSK-3β, FOXO1, and eNOS.  (B) Quantification of the immunoblot data 

using densitometric analysis of band intensity (n=6-10 for each group), as described in the 

legend to Fig. 4B. VEH indicates the vehicle-treated control. P values≤0.05 were 

considered statistically significant, and the asterisks (*) indicate statistically significant 

differences compared to vehicle control. 

B. 
 

A. 
 
A. 
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Figure 10. Temporal changes in the phosphorylation levels of Akt, GSK-3β, 

FOXO1, and eNOS in the rat striatum after ICV injection of 1 mM ouabain 

 

(A) Representative immunoblots of the rat striatum at 1, 2, 4, and 8 h after ICV injection of 

1 mM ouabain. Protein samples from the striatum were probed with antibodies against p-

Akt (Ser473), p-GSK-3β (Ser9), p-FOXO1 (Ser256), p-eNOS (Ser1177), Akt, GSK-3β, 

FOXO1, eNOS, and β-actin. (B) Quantification of the immunoblot data using densitometric 

analysis of band intensity (n=4-6 for each group), as described in the legend to Fig. 4B. 

VEH indicates the vehicle-treated control. P values ≤ 0.05 were considered statistically 

significant, and the asterisks (*) indicate statistically significant differences compared to 

vehicle control. 

B. 
 

A. 
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Figure 11. Temporal changes in the phosphorylation levels of Akt, GSK-3β, 

FOXO1, and eNOS in the frontal cortex after ICV injection of 1 mM ouabain 

 

(A) Representative immunoblots of the rat frontal cortex at 1, 2, 4, and 8 h after ICV 

injection of 1 mM ouabain. Protein samples from the striatum were probed with antibodies 

against p-Akt (Ser473), p-GSK-3β (Ser9), p-FOXO1 (Ser256), p-eNOS (Ser1177), Akt, 

GSK-3β, FOXO1, eNOS, and β-actin. (B) Quantification of the immunoblot data using 

densitometric analysis of band intensity (n=4-6 for each group), as described in the legend 

to Fig. 4B. VEH indicates the vehicle-treated control. P values ≤ 0.05 were considered 

statistically significant, and the asterisks (*) indicate statistically significant differences 

compared to vehicle control. 

B. 
 

A. 
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Figure 12. Temporal changes in the phosphorylation levels of mTOR, 4E-BP1, 

p70S6K, S6, and eIF4B in the rat frontal cortex after injection of 1 mM 

ouabain 

(A) Representative immunoblots of the rat striatum at 1, 2, 4, and 8 h after ICV injection of 

1 mM ouabain. Protein samples from the frontal cortex were probed with antibodies against 

p-mTOR (Ser2448), p-mTOR (Ser2481), p-p70S6K (Thr421/Ser424), p-p70S6K (Thr389), p-S6 

(Ser235/236), p-S6 (Ser240/244), p-4EBP1 (Thr37/42), p-eIF4B (Ser422), mTOR, p70S6K, S6, 4E-BP1, 

and eIF4B. (B) Quantification of the immunoblot data using densitometric analysis of band 

intensity (n=4-6 for each group), as described in the legend to Fig. 4B. VEH indicates the 

vehicle-treated control. P values ≤ 0.05 were considered statistically significant, and the 

asterisks (*) indicate statistically significant differences compared to vehicle control. 

A. 
 

B. 
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Figure 13. Increased immunostaining of p-S6 in the rat frontal cortex 8 h after 

1 mM ouabain treatment 

 

(A) Representative microscopic images taken from sections stained for p-S6 (Ser240/244) 

in rat prefrontal cortex (278). All captured images were obtained 8 h after VEH or 1 mM 

OUA treatment. Magnification bar: 50 um. (B) The number of positive cells for p-S6 was 

counted (area 300 μm X 400 μm) and was found to be decreased in prefrontal and cingulate 

cortical regions (278) after treatment with 1 mM ouabain. Bars represent the average cell 

counts in each section and standard errors. Data were expressed as mean and standard 

errors. ANOVA followed by student’s t-test was performed, and the asterisks (*) indicate 

statistically significant differences in each value compared to VEH control (p < 0.05, n=5-

6). VEH and OUA indicate the vehicle (aCSF-treated control) and ouabain, respectively. 
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Figure 14. Immunostaining of co-localized p-S6 (red) with immunofluorescence 

of Neu-N (green) in the rat frontal cortex 8 h after 1 mM ouabain treatment 

(A) The increased immnunofluorescence of p-S6 (red) was co-localized with that of Neu-N 

(green), a marker of neuronal cells, but not with that of DAPI (blue) in rat prefrontal cortex 

(278). Magnification bar: 10 um. VEH and OUA indicate the vehicle (aCSF-treated control) 

and ouabain, respectively. 
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Figure 15. Increased protein synthesis rate 8 h after ICV injection of 1 mM 

ouabain  

An in-vitro translation assay was used to measure the incorporation of [
3
H] leucine in 

precipitated proteins, using post-mitochondrial supernatant of frontal cortical tissue. The 

protein translation rate of the frontal cortex of OUA-treated group was significantly higher 

than that of VEH group in the frontal cortex at 8 h after ouabain injection (n=4 for each 

group). Data were expressed as mean and standard errors, and asterisks (*) indicate 

statistically significant differences by ANOVA followed by student’s t-test (p < 0.05, n=4 

for each group). VEH and OUA indicate the vehicle (aCSF-treated control) and ouabain, 

respectively. 
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Figure 16. Temporal changes in the phosphorylation levels of LKB, CaMKIV, 

AMPKα, and ACC and expression of PP2Cα in the rat striatum after ICV 

injection of 1 mM ouabain 

(A) Representative immunoblots of the rat striatum at 1, 2, 4, and 8 h after ICV injection of 

1 mM ouabain. Protein samples from the frontal cortex were probed with antibodies against 

p-LKB1 (Ser431), p-CaMKIV (Thr196), PP2Cα, p-AMPKα (Thr172), p-ACC (Ser79). (B) 

Quantification of the immunoblot data using densitometric analysis of band intensity (n=4-

6 for each group), as described in the legend to Fig. 4B. VEH indicates the vehicle-treated 

control. P values ≤ 0.05 were considered statistically significant, and the asterisks (*) 

indicate statistically significant differences compared to vehicle control. 

B. 

A. 
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Figure 17. Bindings of PP2Cα to AMPKα and decreased CPT1 activity in the 

rat striatum after ICV injection of 1 mM ouabain 

(A) Immunoprecipitation (IP) analysis revealed that the binding of PP2C to AMPK was 

increased significantly 2 h after ICV injection of 1 mM OUA. (B) Of the isoforms of CPT1, 

CPT1a, localized in the mitochondria, was decreased in the striatum. Bars express the 

CPT1a or CPT1c activity at 2 h after OUA or VEH treatment in percentage of the activity 

of each VEH-treated group. Data are expressed as the mean ± SEM. ANOVA followed by 

student’s t-test was performed, and the asterisks (*) indicate statistically significant 

differences in each value compared to VEH control (p < 0.05, n=5-6). VEH and OUA 

indicate the vehicle (aCSF-treated control group) and ouabain.  
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Figure 18. The effects of haloperidol on ICV injection of ouabain in locomotor 

activity in rats and PKC activity in the striatum 

(A) Locomotor activity was measured for 30 min using video tracking software. Total 

distance traveled for 30 min after ICV administration of 1 mM OUA was significantly 

reduced by pretreatment with HPD (1 mg/kg). Data are expressed as the total distance 

traveled during 30 min and given as mean ± SE (n = 4 for each treatment group). (B) After 

the measurement of locomotor activity, the rat striatum was dissected for PKC analysis. 

PKC activity was increased significantly by 1 mM OUA, which was remarkably decreased 

by HPD (1 mg/kg) (p < 0.05). Data are expressed as the average value and standard error of 

each optical density of PKC activity. ANOVA with Tukey’s test was performed, and the 

asterisks (*) and sharps (#) indicate statistically significant differences compared with the 

vehicle control and ouabain-treated group, respectively (P < 0.05). VEH, OUA, and HPD 

indicate the vehicle (aCSF-treated control), ouabain, and haloperidol, respectively. 

 

 

 

 

 

 

B. A. A 

 



60 

 

 

 

     

Figure 19. Effect of haloperidol on ouabain-induced PKC phosphorylation in 

the striatum  

 

(A) Representative immunoblots of the rat striatum 30 min after ICV treatment with HPD 

followed by injection of VEH or 1 mM OUA. Protein samples from the striatum were 

probed with antibodies against p-PKCα/II (Thr638/641), p-PKCδ (Ser643), p-PKCε 

(Ser729), PKCα, PKCβII, PKCδ, PKCε, and β-actin. (B) Quantification of the immunoblot 

data using densitometric analysis of band intensity (n = 4 for each treatment group). Data 

are expressed as the relative OD and given as the mean and standard errors (n = 4 for each 

group). The relative ODs are percentages of the OD of each vehicle control. The asterisks 

(*) and sharps (#) indicate statistically significant differences in each immunoreactivity 

value compared with VEH and OUA-treated group, respectively (p < 0.05, n=4 for each 

group). VEH, OUA, and HPD indicate the vehicle (aCSF-treated control), ouabain, and 

haloperidol, respectively. 
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Figure 20. Effect of haloperidol on ouabain-induced PKC substrates 

phosphorylation in the striatum  

 

(A) Representative immunoblots of the rat striatum 30 min after ICV treatment with 

haloperidol followed by injection of VEH or 1 mM OUA. Protein samples from the 

striatum were probed with antibodies against p-PKC substrate (Ser), p-MARCKS 

(Ser152/156), p-GAP43 (Ser41), MARCKS, and GAP43. (B) Quantification of the 

immunoblot data using densitometric analysis of band intensity (n = 4 for each treatment 

group). Data are expressed as the relative OD and given as the mean and standard errors (n 

= 4 for each group). The relative ODs are percentages of the OD of each vehicle control. 

The asterisks (*) and sharps (#) indicate statistically significant differences in each 

immunoreactivity value compared with VEH and OUA-treated group, respectively (p < 

0.05, n=4 for each group). VEH, OUA, and HPD indicate the vehicle (aCSF-treated 

control), ouabain, and haloperidol, respectively. 

B. A. 
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Figure 21.  1 mM OUA increased PKC activity in both membrane and 

cytosol fractions obtained from rat striatal tissue 

Striatum was dissected and fractionated into cytosolic and membranous fractions. PKC 

activity was determined with tetramethylbenzidine (TMB) substrate and measured as 

optical density (OD). Data are expressed as the relative ODs, the percentages of the OD of 

each vehicle control, and as mean and standard errors. ANOVA with turkey’s test was 

performed, and the asterisks (*) and sharps (#) indicate statistically significant differences 

compared with the VEH and OUA, respectively (p < 0.05, n=4 for each group). VEH, OUA, 

and HPD indicate the vehicle (aCSF-treated control), ouabain, and haloperidol, respectively. 

NR2B and caspase-3 were used as markers of subcellular cytosolic and membranous 

fractions, respectively. 
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Figure 22. The effects of verapamil on ICV injection of ouabain in locomotor 

activity in rats and PKC activity in the striatum 

(A) Locomotor activity was measured for 30 min using video tracking software. Total 

distance traveled for 30 min after ICV administration of 1 mM OUA was significantly 

reduced by pretreatment with VPM (20 mg/kg). Data are expressed as the total distance 

traveled during 30 min and given as mean ± SE (n = 4 for each treatment group). (B) After 

the measurement of locomotor activity, the rat striatum was dissected for PKC analysis. 

PKC activity was increased significantly by 1 mM OUA, which was remarkably decreased 

by VPM (20 mg/kg) (p < 0.05). Data are expressed as the average value and standard error 

of each optical density of PKC activity. ANOVA with Tukey’s test was performed, and the 

asterisks (*) and sharps (#) indicate statistically significant differences compared with the 

vehicle control and ouabain-treated group, respectively (P < 0.05). VEH, OUA, and VPM 

indicate the vehicle (aCSF-treated control), ouabain, and verapamil, respectively. 
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Discussion 

In this study, the roles of ERK1/2, Akt, and PKC pathways involved in Na/K-

ATPase signal transduction were investigated. These pathways are related to 

behavioral changes mimicking mania phenotype of BD induced by ouabain, a 

Na/K-ATPase inhibitor. 

A single intrabrain administration of ouabain acutely induced increases in 

locomotor activity, which was persistent for 8 h and until day 7. Ouabain-induced 

hyperactivity was reduced by acute pretreatment with anti-manic drugs including 

haloperidol and verapamil suggested as therapeutic agents for BD. In addition, 

ouabain significantly increased activation of protein kinase C (PKC) in the rat 

striatum, which was attenuated by haloperidol and verapamil. 

Ouabain induced prolonged activation of ERK1/2 and Akt signaling in the rat 

striatum and frontal cortex accompanied with hyperactivity in rats. Ouabain 

induced significant increases in phosphorylation of TH, a rate-limiting enzyme for 

DA biosynthesis in the rat striatum. Intrabrain inhibition of ERK1/2 using MEK 

inhibitor reduced the ouabain-induced increases in TH phosphorylation as well as 

the hyperactivity of rats. These results suggest that TH activation of the ERK1/2 

signal pathway could play an important role in ouabain-induced hyperactivity of 

rats. Next, ouabain induced persistent increases in the phosphorylation of Akt and 

its downstream substrates including GSK-3β, FoxO1, and eNOS in the rat striatum 

and frontal cortex accompanied with hyperactivity in rats. Akt and ERK1/2 signal 

pathways, important in modifications of neural circuits and behavior, cooperatively 

regulate protein translation. Ouabain induced persistent activation of 
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mTOR/p70S6K/S6/4E-BP1/eIF4B protein translational pathway in the rat frontal 

cortex. In addition, it was shown that the rate of protein synthesis was increased in 

the cell-free extracts of frontal cortical tissues. These findings suggest a crucial role 

of the protein translation initiation signal pathway in ouabain-induced behavioral 

changes in rats. On the other hand, ouabain induced the decreased phosphorylation 

of AMPK and its downstream acetyl CoA carboxylase (ACC) with the increased 

amount of PP2Cα in the rat striatum. In addition, the activity of mitochondrial 

carnitine palmitoyl transferase 1a (CPT1a), a downstream target of ACC, was 

decreased. 

 

Ouabain-induced hyperactivity in rats 

Consistent with a previous report (47), acute dose-dependent increases in 

locomotor activity after ICV administration of ouabain, a Na/K-ATPase inhibitor 

(Fig. 1) were induced. In addition, a single administration of 0.5 and 1 mM ouabain 

showed the increased hyperactivity resembling manic-like behavioral changes of 

BD until 8 h (Fig. 2) and persistent hyperactivity on 7 days after treatment (Fig. 3). 

Ruktanonchai et al. reported that hyperactivity induced by central administration of 

ouabain was evident on day 9 (54). They also demonstrated that the increased 

hyperactivity was associated with the increased binding of ouabain and with 

attenuated Na/K-ATPase activity in hippocampus. It is possible to explain that the 

increase in locomotor activity induced by acute ouabain treatment is to be 

maintained until day 7, although traveled distance for 30 min at day 7 is half as 

much as that at day 0 (Fig. 3). In the present study, a decrease in 1 mM ouabain-

induced hyperactivity by haloperidol and verapamil was shown (Fig. 18). It has 
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been reported that the hyperactivity induced by ouabain can be normalized by 

administration of lithium, carbamazepine, valproate, or haloperidol (59, 60).  

To meet the needs for a reliable ouabain mania animal model, fulfillment of at 

least three criteria is required. First, for face validity, the animal must display 

behavioral similarities comparable to those in the human mental illness. Second, 

for construct validity, commonalties between the mechanism of the model and of 

the human psychiatric disorder must be shared. Finally, for predictive validity, 

medications that improve the behavioral disturbance in humans should be able to 

present same in the animal model (22) . Thus, ouabain animal model could be a 

valuable tool for exploring and could help understand the underlying mechanism of 

pathophysiology of BD 

 

TH activation through ERK1/2 on in ouabain rat model for 

mania of BD 

ICV administration of ouabain induced an acute dose-dependent increase in the 

phosphorylation of TH at Ser19, Ser31, and Ser40 in the rat striatum, along with 

hyperactivity in rats. Previously,  a similar dose-dependent activation of the 

ERK1/2 signaling pathway related to hyperactivity of rats in response to ICV 

injection of ouabain has been reported (53). In this study, inhibition of ERK1/2 

signaling with pretreatment of intrabrain MEK inhibitor decreased ouabain-induced 

TH phosphorylation and hyperactivity of rats. Moreover, increased 

phosphorylation of TH phosphorylation at all three residues was maintained until 8 

h after a single ICV injection of ouabain, along with a persistent increase in 
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ERK1/2 phosphorylation in the rat striatum (Fig. 4 - Fig. 7). These findings suggest 

the important role of TH activation through ERK1/2 signaling in ouabain-induced 

hyperactivity of rats, which mimics the manic symptoms of BD.  

Intracerebral administration of 1 mM ouabain increased phosphorylation of TH 

at Ser19, Ser31, and Ser40 in the rat striatum. Phosphorylation at Ser40 primarily 

controls TH activity (105), and sustained phosphorylation of TH at Ser40 leads to 

increased catecholamine synthesis (100). The phosphorylation of Ser31 produces a 

moderate effect of TH activity (105) and the phosphorylation of Ser19 indirectly 

increases the rate of the phosphorylation at Ser40, also facilitating TH activity 

(198). In this study, phosphorylation of these serine residues, including Ser19, 

Ser30, and Ser40, was increased until 8 h after a single administration ouabain, 

which might increase catecholamine biosynthesis in the brain. Intracerebral 

administration of ouabain has been reported to increase DA level in the brain (94, 

95).  Inhibition of Na/K-ATPase leads to accumulation of released DA in the 

synaptic cleft of the rat striatum with possible stimulation of neuronal transmission 

(94). Perfusion with ouabain produces a significant increase in DA levels in the rat 

striatum (94). In addition, it has been reported that ouabain-induced hyperactivity 

in rats was inhibited by D2 receptor blocking with the antipsychotic agent, 

haloperidol (60). In this study, ouabain administration into brain increased 

phosphorylation of TH at Ser19, Ser31, and Ser40, which can activate TH and 

increase DA synthesis (94, 97). These findings suggest that the phosphorylation of 

TH could be related to the ouabain-induced increase in DA level in the striatum.  

The activation of TH phosphorylation has been involved in various protein 

kinases such as ERK1/2, p90RSK, CaMKII, p38, PKA, and PKC (96, 102, 199, 
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200). In this study, although the phosphorylation of TH at three residues was 

increased by intracerebral ouabain administration, the phosphorylation of CaMKIIα 

and p38 was decreased in the rat striatum. Therefore, it is considered that increased 

TH phosphorylation after ouabain administration is not mediated by CaMKIIα and 

p38 kinase. Increases in the phosphorylation of PKA substrate (Ser/Thr) activating 

TH at Ser40 were induced in ouabain administration. Moreover, the increase of 

phosphorylation of TH at Ser40 by ouabain administration was blocked by 

inhibition of ERK1/2 signaling. It suggests that indirect modulation of the 

activation of ERK1/2 pathway increases the phosphorylation of TH (Ser40) by the 

activation of PKA after ouabain administration; although further studies regarding 

the relationship of ERK1/2 signaling in the regulation of the TH phosphorylation at 

Ser40 accompanied by increases in the phosphorylation of PKA substrate after 

intracerebral ouabain administration are needed. Consequently, these findings 

suggest the involvement of ERK1/2 pathway in the regulation of the TH 

phosphorylation by intracerebral ouabain administration.  

Intracerebral inhibition of the ERK signaling pathway attenuated ouabain-

induced ERK1/2 activation and increased TH phosphorylation at Ser19, Ser31, and 

Ser40 as well as hyperactivity of rats. Moreover, a single administration of ouabain 

induced a sustained increase in TH phosphorylation at all three serine residues as 

well as ERK1/2 phosphorylation until 8 h in the rat striatum. The representative 

direct upstream kinase responsible for Ser31 phosphorylation is ERK1/2 (201). 

MEK inhibitors, PD98059 and U0126, have been shown to block phosphorylation 

of ERK and TH at Ser31 in response to a wide range of stimuli and cell systems, 

including depolarizing stimuli that increase intracellular calcium (103, 104, 202-
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204). In this study, ouabain-induced phosphorylation of TH at Ser19 and Ser40 was 

also blocked by U0126 administration in the rat striatum. Although the 

representative physiological candidate kinases for the phosphorylation of Ser19 

and Ser40 are CaMKIIα and PKC, respectively (200), ERK could also be involved 

in these phosphorylation reactions. For example, acetylcholine increases 

phosphorylation of TH at Ser40 through ERK and p90RSK (MAPKAP1) (103) and 

PD98059 reduces the potassium-stimulated increase in Ser19 phosphorylation in 

PC12 cells (104). On the other hand, TH phosphorylation at Ser31 by ERK1/2 can 

increase at Ser40 phosphorylation (105), which implies an indirect effect of ERK 

in Ser40 phosphorylation. Furthermore, U0126 could inhibit the intracellular 

calcium influx (205) and might be involved in the inhibition of ouabain-induced 

TH phosphorylation at all three sites. These findings suggest that ouabain-induced 

hyperactivity could be mediated by TH activation through ERK1/2 signaling in the 

rat striatum. However, further clarification would give more information about 

possible involvement of other kinases, including CaMKII, PKA, PKC, PKG, and 

p38, as well as phosphatases, such as PP2A and PP2C, for regulating TH 

phosphorylation induced by ouabain. A rat model using ICV injection of ouabain 

has been suggested as a pharmacological animal model for manic symptoms of BD 

based on the possible dysfunction of Na/K-ATPase in BD (22). In this study, 

intracerebral administration of ouabain was demonstrated to activate TH, a crucial 

regulator of DA synthesis, through the ERK pathway in the striatum. Accumulating 

evidence presented a positive correlation between ERK activation and the 

behavioral changes corresponding to the animal model of mental illness such as 

BD. For instance, Kim et al. reported that the ERK1/2 phosphorylation was 
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significantly involved in the locomotor activity in response to ouabain 

administration (53). Moreover, ERK was reported to be involved in the 

psychostimulating effect of cocaine or amphetamine  and also has been known to 

induce behavioral changes mimicking mania. (69, 206). In addition, cocaine, a 

psychostimulant, induced indirect activation of TH via regulating ERK1/2 in 

striatal tissue (207) and increased the TH expression along with ERK 

phosphorylation and activity in the brain region comprising dopaminergic neuron 

(208). These results may have important implications in the regulation of ERK1/2 

modulating TH in hyperactivity, to the phenotype in psychotic disorder such as BD. 

The involvement of TH in the pathogenetic or therapeutic mechanisms of BD has 

been suggested. For example, administration of a-methyl-para-tyrosine, which 

reduces catecholamine synthesis by inhibiting TH, can decrease the severity of 

mania, worsen depression, and increase depressive relapse in seasonal affective 

disorder (209-211).  

In addition, chronic treatment with the antipsychotic agent clozapine reduces TH 

activity in the rat striatum (212). Taken together, the findings on TH 

phosphorylation, the rate-limiting step of DA synthesis, could contribute to a better 

understanding of the mechanism underlying the manic-like behavioral changes 

induced by ouabain administration and contribute to possible new targets for 

treatment of BD. In conclusion, ICV injection of ouabain increased 

phosphorylation of TH in the rat striatum and hyperactivity in rats and  was 

shown to be mediated by activation of ERK1/2 signaling. Furthermore, activation 

of TH in the striatum was sustained until 8 h after a single injection of ouabain, 

which may result in increased DA biosynthesis. These findings could enhance our 
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understanding of the molecular mechanisms that link Na/K-ATPase dysfunction 

and hyperactivation of the DA system.  

 

Activation of Akt signaling pathway in in ouabain rat model 

for mania of BD  

Ouabain administration induced acute dose-dependent and persistent increase in 

the phosphorylation level of Akt and its downstream substrates including GSK-3β, 

FOXO1, and eNOS in the rat striatum and frontal cortex (Fig. 8 - Fig. 11). 

Activation of Akt in response to ouabain administration has been investigated in 

vitro in cell lines, including renal proximal tubular cells, endothelial cells, skeletal 

muscle cells, neuroblastoma cells, and cardiac myocytes (39, 43, 72, 106, 213, 214). 

In this study, intrabrain injection of ouabain also activates Akt in the brain in vivo. 

Phosphorylation of GSK-3β (Ser9), FOXO1 (Ser256), and eNOS (Ser1177) can be 

induced by Akt (108, 112, 215). ICV injection of ouabain was also found to induce 

phosphorylation of GSK-3β, FOXO1, and eNOS in the rat brain accompanied by 

hyperactivity. Akt and GSK-3β are well-known molecular targets for mood 

stabilizers, including lithium and valproate (78, 79, 216). The Akt-GSK-3β 

pathway plays an important role in D2 and D3 receptor-mediated signals (76, 

217)Dopaminergic psychotomimetics, such as cocaine and amphetamine, which 

induce manic-like behaviors in rodents,  affect the Akt pathway (218-220). In 

addition, Akt pathway is also involved in the n-methyl-daspartate (NMDA) 

receptor-mediated signals (221),  and previous report showed the increased 

phosphorylation of Akt and GSK-3β in the rat frontal cortex along with increased 
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locomotor activity in response to a single and repeated treatments of MK-801, a 

non-competitive NMDA receptor antagonist (222, 223). Further studies are 

required to investigate the involvement of alterations in neurotransmitter systems, 

including dopaminergic and glutamatergic ones, in ouabain-induced changes in Akt 

pathway as well as  the involvement of Akt pathway in the effects of mood 

stabilizers on ouabain-induced behavioral changes.  

The phosphorylation of FOXO1 and eNOS was also increased by ouabain 

injection. FOXO1, a member of the forkhead transcription factors, is abundant in 

the adult brain and influences apoptosis, cell survival, proliferation, and 

differentiation (113, 224-227). Recently, antidepressants such as imipramine and 

D-fenfluramine, a serotonergic agent, were reported to increase FOXO1 

phosphorylation in the mouse brain. Also, a brain FOXO1 knockout mice was 

demonstrated to display reduced anxiety and increased depressive behaviors (116), 

suggesting the role of FOXO in regulating mood-related behaviors. 

NOS synthesize NO, a gaseous second messenger, from L-arginine. NO plays 

important roles in synaptogenesis and behaviors such as learning and memory (117, 

228, 229).In particular, mice lacking eNOS have a low rate of neurogenesis and 

reduced responsiveness in the learned helpless paradigm (230). Taking into 

consideration the evidence suggesting the important roles of Akt and its substrates, 

GSK-3β, FOXO1, and eNOS, in the regulation of mood-related behaviors, changes 

in Akt signaling may be a plausible mechanism in the ouabain rat model for mania. 

ICV injection of 1 mM ouabain induced hyperphosphorylation of the Akt signal 

pathway for 8 h accompanied by prolonged hyperactivity. Hyperactivity induced 

by a single ICV injection of 1 mM ouabain has been reported to last for seven to 
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nine days (54-58), and hippocampal ouabain binding was also increased after nine 

days (54). Moreover, long-term behavioral changes were accompanied by 

biochemical changes, such as altered levels of a subunit of Na/K-ATPase in the rat 

brain (55). These findings implicate that ouabain induces long-lasting molecular 

changes resulting in chronic behavioral alterations.  

 

Activation of mTOR signaling pathway and protein synthesis 

in ouabain rat model for mania of BD 

Intracerebral administration of ouabain induced a significant increase in the 

phosphorylation levels of molecules responsible for the initiation of protein 

translation in the rat frontal cortex (Fig. 12). The increase in ERK1/2 and Akt 

phosphorylation in the rat striatum and frontal cortex, and prolonged hyperactivity 

of rats 8 h after ouabain treatment were persisted (Fig. 7 and Fig. 11). The ERK1/2 

and Akt signaling pathways cooperatively regulate translation initiation through 

mTOR and p70S6K (121, 122). Ouabain increased the phosphorylation of mTOR, 

p70S6K, S6, eIF4B, and 4E-BP1, which can promote the initiation of translation. 

Increased p-S6 immunoreactivity was present in the neurons of the frontal cortex 

(Fig. 13 and Fig. 14). Accordingly, the rate of protein synthesis in the frontal cortex 

measured by [
3
H]-leucine incorporation was up-regulated in response to ouabain 

(Fig. 15). These findings suggest the importance of the protein translation signaling 

pathways in ouabain-induced hyperactivity in rats, mimicking manic symptoms of 

BD. 

The binding of ouabain to Na/K-ATPase may activate the protein translation 
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signaling pathway in cardiac and renal cells through Akt/ERK/PLC/PKC pathways 

with EGFR and Src complex (36, 37, 44). Ouabain induces cardiac hypertrophy 

and regulates the proliferation of renal epithelial cells through the mTOR 

translation signaling pathway (42, 72). Intracerebral injection of ouabain activated 

the mTOR/p70S6K/S6 signaling pathways in the rat frontal cortex, and protein 

translation in the cell-free extracts of frontal cortical tissues accompanied with the 

persistent hyperactivity in rats was demonstrated in the present study. These 

findings implicate that activation of protein translation signals in the brain may 

play an important role in ouabain-induced behavioral changes.  

In this study, ouabain activated the prolonged ERK1/2 and Akt signaling 

pathways in the rat striatum and frontal cortex along with behavioral changes in 

rats. (Fig. 7 and Fig. 11). The ERK and Akt pathways are key regulators of protein 

translation (121, 122). In the present study, elements downstream of ERK and Akt 

being responsible for translation initiation were shown to be activated by ouabain 

in the rat frontal cortex. Ouabain increased the phosphorylation of mTOR at 

Ser2448 and Ser2481, indicating mTOR activation (182-186). mTOR-mediated 

phosphorylation of 4E-BP1 at Thr37/46,  known to release eIF4E and to promote 

translation, was increased (121, 231). Phosphorylation of p70S6K at Thr389 or 

Thr421/Ser424 can be affected by either the Akt-mTOR or ERK signaling pathway 

(130, 232-234). S6 phosphorylation is also regulated by p70S6K and p90RSK. 

Among the phosphorylation sites of S6, phosphorylation of S6 at Ser240/244 is 

regulated by p70S6K (131, 189). p90RSK, which mediates the Ras-ERK1/2 

signaling pathway, phosphorylates S6 at Ser235/236 (133, 190). The 

phosphorylation of S6 at Ser240/244 and Ser235/236 was increased by the 
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administration of ouabain. These findings suggest that the activation of protein 

translation signals in response to ouabain may be mediated by both ERK and Akt.  

Activated p70S6K induces phosphorylation of S6 and eIF4B, promoting the 

initiation of protein translation (131). S6 is a component of the 40S ribosomal 

subunit (235), and phosphorylation of S6 enhances protein synthesis via 

recruitment of the 7-methylguanosine cap complex or translation of the 5′ tract of 

oligopyrimidine mRNA (133, 189, 236). eIF4B acts as a cofactor of the RNA 

helicase, eIF4A, and enhances the translation rate of mRNA within 5′ unstructured 

regions (237). This suggests that the activities of p70S6K and S6 are correlated 

with protein translation activity. The rate of protein synthesis was measured with a 

cell-free translation system to demonstrate that protein translation was affected 

along with the changes in mTOR/p70S6K/S6 signaling pathways in the rat frontal 

cortex in response to ouabain. The protein synthesis rate was significantly 

increased at 8 h after ICV injection of ouabain.  

Recent studies have reported the critical involvement of protein translation 

machinery in mood regulation (238). The mTOR signaling pathway in the 

prefrontal cortex plays a major role in synaptogenesis and the rapid antidepressant 

action induced by the NMDA receptor antagonist, ketamine (127). Additionally, it 

was demonstrated that NMDA receptor antagonists induce rapid antidepressant 

actions through novel protein synthesis of BDNF induced by activation of the 

protein elongation process (128). Consistent with these findings, the protein levels 

of mTOR, p70S6K, and eIF4B are reduced in the postmortem prefrontal cortex of 

patients with major depressive disorder (126). These studies suggest that activation 

of translation signaling is necessary for antidepressant action. ICV administration 
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of ouabain was also reported to induce anti-depressive activity in the forced swim 

test in rats (51).  

Recently, Myshkin mice carrying an inactivating mutation in neuron-specific 

Na/K-ATPase α3 subunit were reported to display behavioral changes similar to  

those seen in the manic state of BD, which was shown to be mediated by activation 

of ERK1/2 and Akt signal pathways in the brain (239). Activation of 

mTOR/p70S6K/S6 signaling pathway in response to ouabain could be mediated by 

ERK1/2 and Akt. An injection of another psychostimulating agent cocaine has 

been known to induce activation of ERK1/2 and Akt in the rodent brain (220, 240) 

The activation of mTOR signal pathway has been reported to play a critical role in 

mediating behavioral sensitization induced by cocaine (241-244). ERK and Akt-

related mTOR signal transduction pathway could be a putative target system 

mediating psychostimulating behavioral changes. The present findings regarding 

the activation of protein translation in the prefrontal cortex may reinforce the 

behavioral activation of rats in response to ouabain. Ouabain has been shown to 

induce persistent behavioral changes up to 9 days after a single treatment (54-57, 

245). Protein translation plays important roles in the long-term modification in 

neural circuits and behaviors through regulating synaptogenesis, axonal growth, 

proliferation, and differentiation (123, 125). A single ICV injection of ouabain 

induced an acute increase in protein translation, which might be the foundation for 

the long-term behavioral changes induced by ouabain administration. These 

findings demonstrated that ouabain affects mTOR signal pathway and protein 

synthesis rate in the rat frontal cortex,  suggesting the involvement of manic-like 

behavioral changes and mTOR signal pathways in a possible ouabain BD animal 
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model. 

 

Inactivation of AMPK pathway in ouabain rat model for 

mania of BD 

ICV injection of ouabain induced an increase in phosphorylation of LKB1-

CaMKIV pathway until 8 h. However, it was revealed that the decreased 

phosphorylation of AMPKα at Thr172 and its suppression by inducing elevated 

PP2Cα expression were observed with its inactivated downstream target of 

AMPKα and ACC decreased in phosphorylation of ACC at Ser79 in the rat 

striatum 2 h after ouabain treatment (Fig. 17A). In addition, ouabain decreased 

CPT1a, whose activity is inhibited by ACC activation in the rat striatum (Fig. 17B).  

It has been reported that the inhibition of Na/K-ATPase by ouabain in rat parotid 

acinar cells decreases AMPK activity, due to a decrease in the AMP/ATP ratio 

(138). In this study, the increased phosphorylation of LKB and CaMKIV, upstream 

kinases of AMPK, was observed after ICV ouabain administration. However, the 

phosphorylation of AMPK was decreased at 2 h after ICV injection of 1 mM 

ouabain with no further changes, even though the phosphorylation of CaMKIV 

and/or LKB was highly increased compared to that of  vehicle injection. The 

decreased levels of phosphorylated AMPK could result an increase in PP2C 

expression (246).  

In this study, the increase in PP2Cα expression at 2 h after ouabain was 

accompanied by the decrease in the phosphorylation of AMPKα (Thr172). To 

elucidate the hypothesis that the increased expression of PP2Cα might be 
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responsible for activity of AMPKα, the binding of AMPKα and PP2C was 

examined by immunoprecipitation using homogenates extracted from striatum. 

PP2Cα binding to AMPKα was increased, and the decrease in phosphorylation of 

AMPKα (Thr172) was revealed. Therefore, it is possible that ouabain induced 

inactivation of AMPKα by PP2Cα at 2 h after treatment and could decrease the 

phosphorylation of ACC. It has been reported that Ang II upregulated protein 

phosphatase 2Cα and reduced AMPK phosphorylation and signaling in muscle 

(247). However, further studies are necessery to understand mechanisms about the 

increases in the expression of PP2Cα by ouabain. 

The activated (or phosphorylated) AMPK is a counter-regulatory mechanism to 

turn off ATP consuming processes, such as fatty acid synthesis, which are mediated 

by inhibition of their rate-limiting enzyme, acetyl CoA carboxylase (ACC) (149) 

activating CPT1 (143). On the contrary, the decreased CPT1a activity at 2 h after 

ICV ouabain administration along with activation of ACC in the rat striatum was 

observed in this study (Fig. 14). Ouabain did not affected in CPT1c activity in the 

striatum (Fig. 17B). CPT1a and CPT1b, CPT1 localized in the mitochondrial outer 

membrane, is inhibited by unphosphorylated ACC and is the rate-limiting enzyme 

that transfers the long chain fatty acyl CoA to the mitochondria for beta oxidation 

in peripheral tissue such as cardiac tissue and adipocyte (147, 248). In conclusion, 

activation of ACC (the decreased phosphorylation) may lead to the increased 

concentration of malonyl-CoA followed by the decreased CPT1a activity in 

mitochondrial fraction of whole cell-free striatal tissue extract after ICV treatment 

of ouabain. 

LKB1, an upstream kinase of AMPKα, is regulated by PKA and p90RSK (196). 
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ICV ouabain administration induced the activation of ERK1/2, upstream of 

p90RSK in the rat striatum until 8 h, accompanied by hyperactivity (Fig. 2 and Fig. 

10). Consistent with these results, the phosphorylation of LKB1 could be 

maintained until 8 h, while that of AMPKα, the downstream of LKB1, did  not 

last until 8 h after intrabrain ouabain administration. In addition, CaMKIV is 

regulated by CaMKKβ, which is activated by calcium influx (197). Ouabain raises 

intracellular calcium concentration via Na/Ca exchange (35). Thereby, it is possible 

to explain that the increases in the phosphorylation of CaMKIV could be 

maintained until 8 h in the rat striatum.  Inhibition of Na/K-ATPase by ouabain 

decreases the phosphorylation of AMPK (138), which is regulated by PP2Cα (246). 

Although the expression of PP2Cα was increased in the rat striatum at 30 min after 

ICV ouabain treatment, the phosphorylation of AMPK was increased, not affected 

by PP2Cα (Fig. 17A). It is thought that AMPK is implicated in a protective role in 

neurons for excessive calcium and sodium influx by ouabain. Evidence has 

demonstrated that AMPK activation can enhance neurogenesis and angiogenesis 

which are good indicators of outcome during the recovery phase of stroke (249). 

Also, post-stroke hypothermia provides neuroprotection through inhibition of 

AMPK (250). While the expression of PP2Cα was decreased in the rat striatum 

from  4 h after ICV ouabain treatment, the phosphorylation of AMPK was 

decreased, not affected by PP2Cα. Ouabain administration induced the activation 

of ERK1/2 in the rat striatum until 8 h, accompanied with hyperactivity (Fig. 2 and 

Fig. 7). AMPK regulates the activity of ERK1/2. PP2C has been implicated in the 

regulation of lipid biosynthesis in mammalian cells by catalysing the 

dephosphorylation and inactivation of AMPK (251). In addition, many studies have 
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suggested that dysfunctional cellular energy metabolism is implicated in pathology 

of BD (252-254). For example, evidence from literature has shown that individuals 

with BD have increased serum thiobarbituric acid reactive substances (TBARS) in 

the initial manic episode (255, 256) and in all phases of the bipolar illness (257). 

Recently, increased TBARS levels and superoxide generation in submitochondrial 

particles in the rat brain after ouabain ICV injection have been reported (57), 

suggesting that oxidative stress could be causing mitochondrial damage, which is 

also found  in BD. Furthermore, Intrabrain injection of ouabain showed lasting 

inhibition of citrate synthase activity for 7days and the reduction of brain energy 

metabolism in the rat prefrontal cortex suggesting the involvement of BD animal 

model (245) Creatine kinase activity, playing a central role in the metabolism of 

high-energy consuming tissues including the brain was, inhibited in the striatum of 

the rat brain in BD model (58). These findings indicate that the activation of ACC 

followed by inactivation of AMPK and the decreased activity of CPT1a might be 

involved in mitochondrial dysfunction, although further studies are needed to 

investigate subsequent functional changes in the lipid and oxidative stress in 

submitochondrial particles of the rat brain. 

 

PKC activation in ouabain rat model for mania of BD 

Consistent with a previous report (60), the pretreatment with haloperidol blocked 

the ouabain-induced hyperactivity in rats. In the present study, haloperidol 

attenuated PKC activity in striatal homogenates and both membranous and cytosol 

fraction of striatum. In addition, the phosphorylation of PKC (p-PKCδ and p-PKCε) 

and PKC substrates including p-PKC substrate, p-GAP43, and p-MARCKS 
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enhanced by ouabain was attenuated in the rat striatum. 

ICV administration of ouabain induced an increase in PKC activity in rat striatal 

homogenates accompanied with ouabain-induced hyperactivity (Fig.  18). 

Intracellular signaling cascades have been investigated in the pathophysiology and 

treatment of BD (64, 258, 259). One signaling cascade which has received 

considerable interest is the protein kinase C (PKC) signaling pathway. 

Considerable evidence show the involvement of PKC as a target molecule in 

pathophysiology of BD mania. For example, psychostimulant drugs such as 

amphetamine and cocaine induced PKC activity along with hyperactivity in 

behavioral test (68, 82, 260). Furthermore, cumulative data suggest that the 

increase of PKC activity in  BD population and psychomimetic agent-induced 

hyperactivity was blocked by PKC inhibition (68, 82), implying the potent 

involvement of PKC in pathophysiology and treatment in BD. Lithium altered 

platelet protein kinase C activity in bipolar affective disorder, manic episode (84), 

and chronic VPA selectively decreased PKC in rat C6 glioma cell (261). In 

addition, pretreatment of a PKC inhibitor, H7 blocked the cocaine-induced 

behavioral sensitization, augmenting motor activity response (262). Recently, 

clinical and preclinical studies have demonstrated that the PKC inhibitor tamoxifen 

has anti-manic efficacy in human manic subjects (263, 264), implying the 

importance of PKC inhibition in the treatment of mania.  

In the present study, the pretreatment of haloperidol attenuated PKC activity in 

striatal homogenates, both membranous and cytosol fraction of striatum. It has 

been reported that acute haloperidol treatment decreased PKC activity and levels in 

the rat striatum, which could be relevant to the antipsychotic and anti-manic effects 
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(265). In this study, the measurement of PKC activity on a single haloperidol 

treatment was not examined, while Dwivedi and Pandey (1999) performed the 

analysis of PKC activity 24 h after the treatment of haloperidol. It was investigated 

to observe the effects of haloperidol on ouabain for PKC activity related with 

hyperactivity. Although the study about a single treatment of haloperidol is needed, 

the pretreated-haloperidol prior to ouabain induced the inhibition of PKC activity 

in the rat striatum. It could be tentatively concluded that PKC activation is 

implicated in ouabain-induced hyperactivity in BD mania model. In the present 

study, ICV injection of ouabain induced the increased PKC activity in both 

membranous and cytosol fractions of rat striatal homogenates (Fig. 21). 

Additionally, the psychostimulant amphetamine increased PKC activity in both 

membranous and cytosol fractions of forebrain in vivo (82). PKC is located in the 

cytoplasmic and membrane compartments of cells and its activation requires that 

its translocation from the cytosol to the membrane (266). Previously, an 

examination of the specific PKC isozymes in cortical homogenates revealed that 

cytosolic alpha- and membrane-associated gamma- and zeta PKC isozymes were 

elevated in cortices of bipolar affective disorder subjects, whereas cytosolic epsilon 

PKC was found to be reduced in the increased PKC activity and translocation 

observed in postmortem brains of BD patients (66).  

Phosphorylation, subcellular localization, and conformation are involved in the 

activation of PKC (267-269). While PKC phosphorylates numerous proteins, PKC 

itself is a substrate of other kinases and is subject to the phosphorylation-dependent 

modification (270). The phosphorylation of PKCδ (Ser645) and PKCε (Ser729) 

was increased by ouabain administration (Fig. 19). PKCδ and PKCε belong to 
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novel PKC isoforms (δ, ε, η, θ, μ), which lack the C2 calcium-binding domain, and 

only require DAG metabolized by DAG kinase (DAKH) for activation. Recent 

genome-wide association studies showed a novel genetic candidate DGKH gene, a 

key protein in the lithium-sensitive phosphatidyl inositol pathway involved in BD 

(271). Ouabain-induced activation of PKCδ (Ser645) and PKCε (Ser729) might be 

resulted in DAG activation implicated in BD. 

Phosphorylation is involved in the activation of PKC (268). An antibody against 

phosphorylated PKC substrates (Cell Signaling Technology; CST- #2261) detects 

phosphorylated serine residues surrounded by Arg or Lys at the −2 and +2 

positions and a hydrophobic residue at the +1 position, which are specifically 

targeted by PKC; phosphorylation of such sites is associated with PKC activation. 

This antibody has been used to detect PKC activity and reported to reflect PKC 

activity in whole-cell extracts of neurons (272-274). Furthermore, phosphorylation 

of growth-associated protein-43 (GAP-43) at Ser41, myristoylated alanine-rich C 

kinase substrate (MARCKS) at Ser152/156, and neurogranin at Ser36 can be used 

to measure PKC activity (65, 162, 170, 171, 275). 

In this study, the phosphorylation of MARCKS (at ser152/156) and GAP-43 (at 

Ser41), major substrates of PKC as well as PKC substrates (Ser) by ouabain were 

observed in rat stiratum. Thus, the increased phosphorylation of PKC substrates 

including GAP-43 and MARCKS after ICV ouabain treatment could reflect 

activation of PKC in the rat striatum in response to the ouabain administration. In 

addition, the phosphorylation of MARCKS and GAP-43 was increased by the 

psychostimulant amphetamine in vivo (68, 82), and that of GAP-43 was blocked by 

a PKC inhibitor, tamoxifen (68) for treatment of mania. In this study, the 
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phosphorylation of MARCKS and GAP-43 increased by ICV ouabain in the rat 

striatum was blocked by haloperidol pretreatment (Fig. 20). Thus, these findings 

suggest that PKC activation is implicated in ouabain BD animal model. In the 

present study, it was revealed that ouabain induced the increased in the PKC 

activity and the phosphorylation of PKCδ, PKCε, and PKC substrates  

accompanied by hyperactivity. Moreover, activation of PKC by ouabain was 

blocked by haloperidol, the most effective drug for acute mania in BD I patients (8). 

There was a report suggesting that the administration of haloperidol decreased 

mRNA and protein levels of the PKC α and ε isozymes (265). These findings may 

be a clue that PKC inhibition could exert antipsychotic-like effects in therapeutic 

targets for BD. 
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Conclusion 

In this study, the role of ERK, Akt, and PKC pathway involved in Na/K-ATPase 

signal transduction associated with behavioral changes in vivo through the 

pharmacological animal model using ouabain, a specific Na/K-ATPase inhibitor 

was investigated. The schematic diagram of the mechanism of Na/K-ATPase signal 

transduction in this study is illustrated in Figure 23.  

Consistent with previous reports, a single intrabrain administration of ouabain 

acutely induced increases in locomotor activity, which was persistent for 8 h and 

until day 7. In addition, ouabain-induced hyperactivity was reduced by acute 

pretreatment with anti-manic drugs including haloperidol and verapamil. Ouabain 

significantly increased activation of PKC in the rat striatum, which was attenuated 

by haloperidol and verapamil. In order to verify the effects of therapeutic agents, 

other candidate anti-manic drugs could be used in ouabain rat model for mania of 

BD. 

Ouabain induced the increased phosphorylation of TH, a rate limiting enzyme of 

DA biosynthesis, which was activated through ERK1/2 signaling in the rat striatum. 

DA transmission is involved in the manic phase of BD, and ouabain-induced 

hyperactivity in rats appears to be the behavioral changes resembling the manic 

phenotypes of BD. Although it is required to directly measure DA or DA 

metabolites in brain after ouabain treatment in rats, measurement of TH activation 

of the ERK 1/2 signal pathway alone nevertheless could play an important role in 

ouabain-induced hyperactivity in a rat model for BD.  

In addition, ouabain consistently increased the phosphorylation of Akt and 
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ERK1/2 signaling pathway in the striatum and frontal cortex along with prolonged 

hyperactivity in rats. The Akt and ERK1/2 pathways cooperatively regulate 

translation initiation through mTOR and p70S6K, which are important in 

modifications of neural circuits and behavior. Thus, activation of mTOR 

translational pathways and the rates of protein synthesis may be mediated by both 

ERK and Akt pathway in response to ouabain. On the other hand, ouabain reduced 

the phosphorylation of AMPK in the rat striatum with activation of mTOR 

signaling pathway. mTOR can control inhibitory regulation of AMPK in energy 

and nutrient metabolism. Thus, further studies are required to elucidate the casual 

relationship between changes in the phosphorylation of AMPK and mTOR after 

ouabain treatment. 
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Figure 23. Schematic diagram presenting ERK1/2, Akt, and PKC signal 

transduction related with ouabain-induced hyperactivity 
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국문초록 

 

서론: 임상 및 유전 연구들을 통해 양극성 장애의 병리 기전으로서 

Na/K-ATPase 기능 이상의 관련 가능성이 제시되었다. Na/K-ATPas 

기능 이상 가설을 기반으로 ouabain을 이용한 가설적 양극성 장애 동물 

모델이 소개 되었다. 하지만 ouabain에 의한 행동변화를 유발하는 

생화학적 기전에 관해 명확히 알려지지 않았다. ERK, Akt, PKC는 

세포주 연구에서 하나의 신호전달 분자로서 알려진 Na/K-ATPase의 

작용에서 주요 역할을 하는 것으로 알려 졌다.  본 연구에서 행동변화를 

유발하는 생체 내 Na/K-ATPase 분자 기전을 밝히기 위하여   

ouabain을 이용한 양극성 장애 동물 모델로부터 뇌내 ERK, Akt, 

PKC의 역할에 대해 조사하였다. 

방법: Na/K-ATPase 억제제인 ouabain을 Sprague-Dawley 흰쥐에 

뇌내 주입하고 locomotor activity를 측정하여 ouabain에 의한 

과활동성에 관련된 뇌내 생화적 변화들을 관찰하였다. 

결과: 선행연구는 ouabain에 의한 과활동성과 동반하여 ERK1/2 

신호전달계 활성을 유발을 보여주었다. ERK1/2의 하위기질 중 하나인 

TH 인산화 변화를 선조체에서 조사하였다. Ouabain에 의해 급성 TH 

인산화 증가를 유발하였고, 뇌내 MEK 억제제에 의한 ERK1/2 억제에 

의해 ouabain에 의한 활동성 및 TH의 인산화 증가가 억제 되었다. 

또한, ouabain 처치 후 8시간 까지 활동성 및 TH 활성화가 지속되었다. 

다음으로 흰쥐의 과활동성과 동반하여 선조체와 전두엽에서 지속적인 

Akt/GSK-3/FoxO1/eNOS 신호전달계 활성화가 ouabain 처치 후 
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8시간 까지 확인되었다. Akt와 ERK1/2의 신호 전달계는 상호적으로 

신경회로와 행동 변화에 중요한 단백질 번역 신호전달계를 조절한다. 

Ouanain은 전두엽에서 mTOR 관련 단백질 번역 개시 신호전달계 

mTOR/p70S6K/S6의 지속인 활성을 유발하였다. 또한 [3H] leucine 

incoroperation 측정을 통해 ouabain 주입 후 전두엽에서 추출한 

무세포추출액에서 단백질 합성률이 증가하였다. 한편 mTOR와 

대표적으로 세포 에너지 대사 조절의 에너지 센서 중 하나인 AMPK는 

mTOR와 상호적으로 반대작용을 한다. 선조체에서 ouabain에 의한 

PP2C 발현 증가에 따른 AMPK 불활성화에 의해 활성화된 ACC의 

표적인 미토콘드리아의 CPT1a의 활성을 억제 시켰다. 또한 ouabain은 

선조체에서 PKC활성을 증가시켰고, 이는 haloperidol과 verapamil과 

같은 항조증 효과를 보이는 약물에 의해 감소되었다. 

결론: 이러한 연구 결과들은 ouabain 양극성 장애 동물 모델의 흰쥐 

뇌에서 ERK1/2, Akt, PKC이 활성을 나타냈고, 그러한 변화는 모델에서 

관찰된 행동 변화와 관련되어 있을지 모른다는 것을 시사한다. 이것은 

양극성 장애의 병리 및 치료 기전 이해 증진에 기여할 수 있는 것으로 

기대된다. 

 

* 본 내용은 Progress in Neuro-Psychopharmacology & Biological Psychiatry 

(2010, 2013) 와 Neurochemistry international. (2011) Journal 학술지 (1-3)에 

출판 완료된 내용임 

주요어: 양극성 장애, 활동성, Na/K-ATPase 억제제, 신호전달계, 조증 

학번: 2008-30599 
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