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Abstract 

 

Shijie Xu 

Department of Psychiatry 

The Graduate School 

Seoul National University 

 

Behavioral sensitization is a progressive enhancement in the locomotor-stimulating 

effects of a drug following repeated exposure, and it can serve as a model for drug 

addiction or psychosis. The purpose of the current study was to compare between the 

cocaine- and ethanol-induced behavioral sensitization in the locomotor and protein 

kinases activities. In the part I, (1) I examined the locomotor activity and 

phosphorylation of some protein kinases in response to the representative CNS 

stimulant cocaine, and (2) aimed to determine whether these effects were mediated by 

dopamine (DA) D1 or D2 receptors. In the part II, (3) I aimed to test whether another 

kind of abused drug, CNS depressant ethanol could also induce the behavioral 

sensitization, and (4) investigated whether the “cross-sensitization” occurs between 

the two substances. Both substances are well-known abused drugs and it is supposed 

that all abused drugs have common mechanisms of action. In addition, I also 

investigated the protein kinase phosphorylation. 
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In the cocaine-sensitized state following repeated treatment, the behavioral 

responsiveness to cocaine was augmented. The sensitized state was accompanied by 

alteration in AMPK phosphorylation, and this alteration was accentuated by further 

challenge with cocaine. The phosphorylation levels of the upstream kinases LKB1 

and CaMK4 were congruent with the changes in AMPK phosphorylation. AKT and 

GSK3β phosphorylations were affected by the sensitization but not responded to the 

acute challenge. On the contrary, ERK1/2 and MEK1/2 phosphorylations were only 

affected by acute cocaine treatment but not by the sensitization itself. The directions 

of alteration were different between the brain regions. In the frontal cortex, the 

phosphorylations were increased for all molecules examined. However, in the dorsal 

striatum, the phosphorylations of AMPK and GSK3β pathway kinases were decreased, 

while ERK1/2 and MEK1/2 phosphorylations were increased. 

 

Acute locomotor-activating effects of cocaine were blocked by either SCH23390 or 

haloperidol. In the frontal cortex, the effects of cocaine on the kinase phosphorylation 

were accentuated by haloperidol and abolished by SCH23390. In the dorsal striatum, 

the effect of cocaine was enhanced by SCH23389 but blocked by haloperidol. 

 

Ethanol-induced behavioral sensitization was observed at low-dose (0.5 g/kg), but not 

at high-dose (2 g/kg). At the sensitizing dose, the acute behavioral effect of ethanol 

was not observed, while the neural activity assessed by Egr-1 expression was 

increased. In the ethanol-sensitized state, the phosphorylations of AMPK, LKB1, 
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CaMK4, AKT/ GSK3β and MEK1/2/ERK1/2 were increased in the frontal cortex but 

decreased it in the dorsal striatum when challenged with ethanol (0.5 g/kg, E-E). 

 

The cross-sensitization between the cocaine and ethanol were observed. In ethanol-

sensitized state, locomotor response to cocaine was accentuated, and the 

phosphorylation of AMPK and its upstream kinases LKB1 and CaMK4, AKT/GSK3β 

signaling pathway were also accentuated by cocaine challenge (S-C vs. E-C). 

MEK1/2/ERK1/2 signaling pathway was only enhanced in the frontal cortex but not 

in the dorsal striatum by cocaine challenge in the ethanol-sensitized state. In cocaine-

sensitized state, a challenge with ethanol elicited an increase in the locomotor activity. 

But it could not enhance the phosphorylation of AMPK and its upstream kinases 

LKB1 and CaMK4, AKT/GSK3β signaling pathway in both regions. The 

MEK1/2/ERK1/2 signaling pathway was only accentuated in the frontal cortex. 

 

Taken together, in the cocaine-sensitized state, the alterations of the protein kinases 

phosphorylations and the behavioral responsiveness to acute cocaine were augmented. 

The opposite direction the dorsal striatum and frontal cortex induced by cocaine in the 

phosphorylation of AMPK and AKT/GSK3β systems could be explained by the 

differential activations of DA D1 and D2 receptors in these brain regions. However, 

the phosphorylations of ERK and MEK in both regions might be mediated directly by 

dopamine receptor and protein kinase A (PKA) pathway. Ethanol induced behavioral 

sensitization at a low-dose, while the acute inhibitory behavioral response was not 

observed. The cross-sensitization between the ethanol and cocaine was observed, and 
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it could suggest an underlying common mechanism for drug dependence regardless of 

the primary target of the brain. However, there were differences between the ethanol- 

and cocaine-sensitization in the profile of kinase phosphorylation. Dopamine-

mediated signaling would be the common pathway, but the difference would be 

mediated by the action of ethanol on the glutamate-GABA system. 

 

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

Keywords: cocaine, ethanol, behavioral sensitization, cross-sensitization, AMPK, 

GSK, ERK 

Student number: 2013-31356 
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Introduction 

 

Cocaine is a potent psychostimulant that inhibits the action of the dopamine (DA) 

transporter and accordingly increases the intrasynaptic content of dopamine. 

Psychostimulants drugs have important implications in the clinical psychiatry in a 

variety of ways. First, psychostimulants are well-known for its ability to induce drug 

dependence, which is a serious pharmacotherapeutic issue (1, 2). Second, stimulant-

induced acute behavioral changes can serve as a model of mania. Increased synaptic 

dopamine is associated with excessive increases in psychic energy and motivated 

action, which represent the core characteristics of manic behavior (3, 4). Additionally, 

repeated treatment with cocaine or amphetamines induces behavioral sensitization 

that is maintained for significant periods of time, even without further challenges (5-

7). This type of behavioral sensitization can be postulated to increase responses to 

trivial stimuli, which serve as a model for psychotic symptoms such as increased 

vigilance and persecutory ideas (6, 8). 

 

These multiple implications reflect the fact that dopamine plays important roles in 

numerous neuropsychiatric processes, including those involved in pleasure, cognition, 

memory, motivation, and learning (9). Dopamine receptors are grouped into two 

classes: D1-like (D1, D5) and D2-like (D2, D3, D4) (10). The dopamine D1 receptor is 

coupled to Gs protein, which subsequently activates adenylate cyclase and increases 

the conversion of ATP into cyclic AMP (11). Cyclic AMP binds to the regulatory 

subunits of protein kinase A (PKA), thereby activating it (12). In contrast, the D2 
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receptor is coupled to Gi proteins, which inhibit adenylate cyclase. Therefore, 

activation of these receptors results in reduced PKA activity (13, 14). PKA regulates 

the phosphorylation/activation of LKB1 (15); the phosphorylation/activation of 

CaMK4 is regulated by both cAMP-dependent and Ca2+/CaM-dependent pathways 

(16-18). In this context, it appears that manipulation of the dopamine system by 

psychostimulants may regulate AMPK phosphorylation and activity. 

 

The 5' adenosine monophosphate-activated protein kinase (AMPK) system plays a 

key role in the sensing of intracellular adenosine triphosphate (ATP) levels and is a 

crucial component in the maintenance of energy balance within cells (19). Conditions 

that cause an increase in the AMP:ATP ratio lead to the activation of AMPK (20). 

AMPK activity is regulated both by allosteric regulation and by phosphorylation. 

AMPK is allosterically activated by AMP and, more importantly, it is also activated 

by phosphorylation via the action of one or more upstream kinases at a threonine (Thr) 

residue within the activation loop of the α-subunit kinase domain (21, 22). The 

allosteric change induced by AMP facilitates phosphorylation on Thr172 (T172) within 

the α-subunit (23). The kinases responsible for this phosphorylation include liver 

kinase B1 (LKB1), TGF-β activated kinase-1 (TAK1), and Ca2+/calmodulin-

dependent protein kinase kinaseβ (CaMKKβ) (24-26). 

 

Glycogen synthase kinase 3 (GSK3) is a serine/threonine kinase originally identified 

as a regulator of glycogen metabolism (27). There are two highly homologous forms 

of GSK3 in mammals, GSK3α and GSK3β (28), is predominantly regulated by 
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inhibitory phosphorylation on Ser-21-GSK3α and Thr-308- GSK3β. GSK3 activity is 

regulated by a number of kinases such as AKT (protein kinase B), which is activated 

by phosphorylation of Thr-308-Akt and modulated by phosphorylation on Ser-473-

AKT (29, 30). GSK3 plays a critical role in both the behavioral and neurochemical 

underpinnings of dopaminergic signaling (31). 

 

Extracellular signal-regulated kinase (ERK) is a member of the mitogen-activated 

protein kinase (MAPK) signaling pathway and play a crucial role in neural 

development, synaptic plasticity, certain types of learning and activity dependent gene 

expression (32, 33). ERK1/2 is phosphorylated within the dual phosphorylation on 

both threonine and tyrosine residue by MEK1/2 or PKA (34, 35). MAPK signaling 

pathway has been implicated in mechanisms thought to be relevant to dependence and 

addiction (36-38). 

 

In the first part of the present study, I investigated the changes in phosphorylations of 

the AMPK, MEK/ERK1/2, AKT/GSK3β signaling pathways in the rat frontal cortex 

and dorsal striatum after acute or chronic, sensitizing cocaine treatment. The 

schematic diagram of the protein kinase signaling pathways is illustrated in Figure 1. 

 

Behavioral sensitization is a progressive enhancement in the locomotor-stimulating 

effect of a drug after repeated exposure (39), and it can serve as a model for drug 

addiction or psychosis (40, 41). Drug-induced behavioral sensitization has been 

demonstrated for several abused drugs, especially the psychostimulants such as 
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cocaine or amphetamines (6, 42). These stimulants work by enhancing dopaminergic 

transmission and the dopamine system plays a significant role in the sensitization to 

stimulant (43, 44).  

 

The sensitization with abused drug means that the subject becomes more sensitive to 

the rewarding effect and/or salience of the drug-related stimuli (41). In clinical 

addiction psychiatry, it is well-known that the addiction to one substance is a definite 

risk factor for the development of addiction to another substance (45, 46). That is, 

regardless of the neurochemical property of drug, a common mechanism for addiction 

may exist for various drugs of abuse. If this mechanism involves behavioral 

sensitization, it could be explained by the cross-sensitization between different abused 

substances. 

 

In the second part, the first aim was to test whether repeated treatment with ethanol 

could induce the behavioral sensitization and if so, whether its development was 

correlated with the Dosage. Ethanol is a representative abused drug, and it is 

implicated that ethanol can also induce behavioral sensitization just like 

psychostimulants. Ethanol is classified as a CNS depressant and CNS depressants in 

general reduce neuronal activities as well as the locomotor behavior. However, 

ethanol has actually a biphasic effect on the locomotor activity. That is, ethanol has 

both stimulant and depressant effects (47-49). The locomotor activity was decreased 

by high doses of ethanol (50, 51), while increased by low doses of ethanol (52, 53). 

Thus it might be suggested that the behavioral sensitization to ethanol was correlated 
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with dose of ethanol, however, less is known about the behavioral sensitization to 

ethanol. Although there are some previous reports about ethanol-induced behavioral 

sensitization (54, 55), it is not an established fact that ethanol induces the sensitization. 

 

The second aim was to determine whether the behavioral sensitization induced by one 

substance would make the subject also be sensitized to another abused substance, that 

is, whether the cross-sensitization develops. I chose the CNS stimulant cocaine and 

the CNS depressant ethanol to observe the cross-sensitization. Although it has been 

postulated that ethanol can activate dopaminergic system via the opioid mediation 

(56), ethanol mainly works as NMDA receptor antagonist and GABA receptor agonist 

(57), thus inhibits neuronal activity in general. In addition, I also investigated the 

protein kinase signaling pathways (AMPK system, MEK/ERK1/2, AKT/GSK3β) and 

Egr-1 levels after the induction of sensitization to ethanol or under the cross-

sensitization paradigm. 

 

The early growth response (Egr) protein family members, including Egr-1(also 

known as NGFI-A, TIS8, Zif268, or Krox-24), Egr-2, Egr-3, and Egr-4 are a group of 

the immediate early genes (IEGs) that encode transcription regulatory factors (58, 59). 

Egr-1 inducibility is a tool to study the neuronal activation in different brain systems 

and to define various brain structures (60-62). Induction of Egr-1 is regulated by 

various stimuli including growth factors, seizures, and psychostimulants (63-65). 

 

In summary, the main purpose of present study was: (1) to observe the locomotor and 
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protein kinases activities in response to cocaine in the cocaine-sensitized state; (2) to 

elucidate the role of D1 or D2 receptors induced by cocaine; (3) to investigate 

whether ethanol could induce the behavioral sensitization; (4) to explore whether the 

cross-sensitization occurs between the ethanol and cocaine. The phosphorylation of 

protein kinases were also investigated in the ethanol and the cross-sensitization. 
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Materials and Methods 

 

Animals and drugs  

 

Male Sprague–Dawley rats (weight, 150–200 g, KoaTech, Gyeonggi-do, Korea) were 

maintained under a 12/12-h light/dark cycle with food and water available ad libitum. 

All animal procedures were conducted in accordance with the National Institutes of 

Health Guide for the Care and Use of Laboratory Animals. Cocaine hydrochloride (15 

mg/kg; Belgopia, Louvain-La-Neuve, Belgium) were dissolved in 0.9% saline. 

SCH23390 hydrochloride (D1 blocking agent, 0.5 mg/kg; Sigma-Aldrich, Steinheim, 

Germany) and haloperidol hydrochloride (D2 blocking agent, 1 mg/kg; Sigma-Aldrich) 

were dissolved in 0.9% saline. Ethanol (Merch, Whitehouse station, NJ, USA, cat. 

#1.00983.1011) was diluted to 20% (w/v) in 0.9% saline and used in doses of 0.5, 1, 

or 2 g/kg. All drugs were administered intraperitoneally (IP). This study was 

approved by the Institutional Review Board of the Seoul National University Hospital. 

 

Treatment schedule  

 

Five sets of experiments were performed in the present study (Fig. 2). In the first set 

of experiments, the rats were randomly split into two groups: one group (C-) received 

daily administrations of cocaine for 5 consecutive days, and the other group (S-) 

received daily administrations of saline for 5 consecutive days; these treatments were 
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designated as “chronic treatment”. Following the first and fifth injections, the 

locomotor activity of the rats was assessed. After the final administration of the 

chronic treatment regimen, each group was further divided into two subgroups, which 

were administered either the same dose of cocaine (subgroups C-C and S-C) or saline 

(subgroups C-S and S-S) on the next day. This final treatment was designated as the 

“challenge”. The locomotor activity was not measured after the challenge injection. 

Instead, they were decapitated 30 min after the treatment to obtain tissue samples 

from the frontal cortex and dorsal striatum (n = 5-6/subgroup). 

 

The second set was used to determine whether the effects of cocaine were mediated 

by DA D1 or D2 receptors. Rats were randomly assigned to four treatment groups and 

each was pretreated with saline (V-), SCH23390 (S-), haloperidol (H-), or a 

combination of SCH23390 and haloperidol (SH-). Thirty minutes later, half of the 

animals in each group were challenged with saline (-V), and the other half were 

challenged with cocaine (-C). Thus, eight subgroups of animals received different 

treatments (n = 4 rats per subgroup). Following the challenged with drugs, the 

locomotor activity was measured for 30 minutes, and rats were decapitated after the 

measurements. 

 

The third set of experiments was performed to elucidate whether ethanol induced 

behavioral sensitization. Rats were randomly assigned to four groups: 0.5, 1, 2 g/kg 

ethanol and saline groups. Ethanol or saline were administrated for 3 weeks (injected 

fifteen times, 5 times per week from Monday to Friday); these treatments were 
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designated as “chronic treatment.” Following the first and fifteenth injections, the 

locomotor activity of the rats was assessed. Sensitization was confirmed by the 

locomotor activity after fifteenth injection. After the fifteenth treatment, the sensitized 

group (0.5 g/kg ethanol) and the saline group were further divided into two subgroups 

and received either the same dose of ethanol (E-E and S-E) or saline (E-S and S-S) on 

the next day. This final treatment was designated as “challenge”. The locomotor 

activity was not measured after the final treatment, and rats were decapitated 30 min 

after the challenge injection. 

 

In the fourth set of experiments, two groups of rats received in their home cage either 

cocaine (C-) or saline (S-) for 5 consecutive days. Following the first and fifth 

injections, the locomotor activity was measured for 60 minutes. After the fifth 

treatments, rats were further divided into two subgroups and one was treated with the 

sensitizing dose of ethanol (0.5 g/kg; C-E and S-E) or saline (C-S and S-S). 

Following the challenged with drugs, the locomotor activity was recorded for 30 

minutes, and rats were decapitated after measurements (n = 6/subgroup). 

 

In the fifth set of experiments, two groups of rats received in their home cage either 

ethanol (E-) and saline (S-) for 3 weeks (injected fifteenth times). Their locomotor 

activity was measured for 60 minutes after the first and fifteenth injections. Next day, 

rats were further divided into two subgroups and cross-treated with cocaine (S-C and 

E-C) or saline (S-S and E-S), their locomotor activity was then registered for 30 

minutes, and rats were dissected after measurements (n = 6/subgroup). 
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Measurement of locomotor activity 

 

Locomotor activity was recorded in a sound-attenuated test room using a video-

tracking apparatus (Activity Monitor ver. 5.0, Med-Associates, St. Albans, VT, USA). 

Each rat was placed in a transparent acrylic box (42 × 42 × 30 cm), and measured 

during the 30-min habituation period. After the habituation period, the rats were 

injected with saline, cocaine or cocaine, and measurements were continued for 

another 60 minutes or 30 minutes after the injection, with their activities measured in 

5-min segments. The locomotor activity was recorded during the light phase of the 

day (10:00-16:00). 

 

Western blot analysis 

 

Brains were dissected on ice plates. The frontal cortex and the dorsal striatum were 

homogenized in lysis buffer containing 50 mM Tris buffer (PH 7.4), 150 mM NaCl, 1 

mM DTT, 4 mM EGTA, 10 mM EDTA, 100 mM β-glycerophosphate, 40 mM NaF, 4 

mM sodium vanadate, 15 mM sodium pyrophosphate, 1 mM PMSF (Sigma-Aldrich), 

0.2% NP40, and a protease inhibitor cocktail (Roche, Mannheim, Germany). This 

procedure has been described in detail previously (66). After centrifugation at 20,000 

rpm for 20 min, the supernatants were quantified using the Bradford protein assay 

method (Bio-Rad Laboratories, Hercules, CA, USA) and boiled with Laemmli sample 

buffer. Equal amounts of protein were separated by SDS-Poly acrylamide gel 
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electrophoreses and transferred to nitrocellulose membrane (Whatman, Dassel, 

Germany). The membrane was blocked with blocking buffer containing 5% skim 

milk in TBS-T (0.1% Tween 20 in TBS) for 1 h at room temperature and then 

incubated with primary antibodies overnight at 4°C. The membranes were then 

incubated with secondary antibodies for 1 h at room temperature. Primary antibodies 

against AMPKα, p-Thr-172-AMPKα, CaMK4, ERK1/2, p-Thr-202/Tyr204-ERK1/2, 

AKT, p-Ser-473-AKT, GSK3β, p-Ser-9-GSK3β, MEK1/2, p-Ser-217/221-MEK1/2, 

TAK1, p-Thr-184/187-TAK1, LKB1, Egr-1 (Cell Signaling Technology, Danvers, 

MA, USA), p-Thr-196-CaMK4 , p-Ser-431-LKB1, β-actin (Santa Cruz 

Biotechnology, Santa Cruz, CA, USA) were used at dilutions of 1:500 to 1:30000. 

Anti-rabbit or mouse IgG were used as secondary antibodies (Jackson Immuno 

Research Laboratories Inc., West Grove, PA, USA). Signals were detected using an 

enhanced chemiluminescence system (Pierce Biotechnology, Rockford, IL, USA). 

Signals on developed X-ray films were quantified with the TINA 2.10G software 

package (Raytest, Straubenhardt, Germany). 

 

Quantitative real-time polymerase chain reaction (PCR) 

 

Total RNA was extracted from frozen tissues with TRI reagent (Molecular Research 

Center, Cincinnati, OH, USA) according to the manufacturer’s instructions. Reverse 

transcription of up to 1 g of total RNA was performed using the Superscript II RT 

system (Invitrogen, Carlsbad, CA, USA). Quantitative real-time PCR was performed 

using the ABI PRISM 7000 instrument (Applied Biosystems, Foster City, CA, USA), 
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and the SYBR Green PCR real-time PCR Master Mix (Toyobo, Osaka, Japan) was 

used according to the manufacturer’s instructions. The reaction was first incubated at 

50°C for 2 min, then at 95°C for 10 min, followed by 35 cycles of 95°C for 15 s and 

60°C for 1 min. All assays were carried out in triplicate and relative amounts of all 

mRNAs were calculated by the comparative Ct method using the 2−ΔCt equation. The 

primer sequences for the Egr-1 gene were as follows: 5′CTTCGCTCACTCCACTA-

TCC–3′ (forward) and 5′-GATGAGTTGGGACTGGTAGG–3′ (reverse), and those of 

the β-actin gene were as follows: 5′-CCTCTGAACCCTAAGGCCAA–3′ (forward) and 

5′-AGCCTGGATGGCTACGTACA–3′ (reverse). 

 

Statistical analysis 

 

Immunoblot results are expressed as relative optical density units (ODs) and 

presented as mean ± SE. Mean OD values of the treatment groups were compared 

with those of the control group. The results of quantitative real-time PCR were 

normalized against β-actin from the same sample. Statistical differences were 

analyzed by a t-test and one-way or two-way analysis of variance (ANOVA) followed 

by a post hoc test. All tests were performed using the SPSS for Windows software 

package (ver. 17.0; SPSS Inc, Chicago, IL, USA). A p value of < 0.05 was used to 

indicate statistical significance. 
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Results 

 

1. Effect of cocaine 

 

1.1. Behavioral sensitization after chronic or acute cocaine treatment 

 

Locomotor activity immediately increased after cocaine administration, reached a 

peak level at 15 minutes, and then returned to baseline within 1 hour. The total 

distance traveled increased on the fifth day compared to the first day in the cocaine-

treated animals (group C-), which illustrated the occurrence of sensitization (t = -

4.947, P < 0.05) by the chronic treatment. The locomotor activity of the saline-treated 

rats (S-) did not differ on the fifth day compared to the first day (t = -0.270, P = 0.793; 

Fig. 3). 

 

1.2. Phosphorylation of AMPK, GSK3β or ERK1/2 signaling pathways in the 

frontal cortex following acute or chronic treatment 

 

The effect of acute or chronic cocaine on AMPK activity was assessed by measuring 

the phosphorylation level of AMPKα at Thr172 (p-AMPK) (21). Both acute and 

chronic cocaine treatment had a significant effect on p-AMPK levels (F = 7.524, P < 

0.05; Fig. 4A). Follow-up pair-wise comparisons revealed that the p-Thr-172-AMPK 

level was higher in the S-C, C-S, and C-C subgroups compared with the control 

subgroups (S-S) (t = -3.671, P < 0.05, for S-C; t = -2.936, P < 0.05, for C-S; t = -

4.024, P < 0.05, for C-C). Additionally, the cocaine challenge in the sensitized state 
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further increased the phosphorylation levels (t = 2.791, P < 0.05; C-C vs. C-S). To 

assess the upstream regulators involved in cocaine-induced AMPK signaling, the 

activity of LKB1, CaMKKβ, and TAK1 was examined by measuring the 

phosphorylation levels of at Ser431 (p-LKB1), Thr196 (p-CaMK4; which reflects 

CaMKKβ activity), and Thr184/187 (p-TAK1), respectively (15, 17). p-LKB1 and p-

CaMK4 levels changed significantly following both acute and chronic cocaine 

treatment (F = 4.472, P < 0.05; F = 4.822, P < 0.05, respectively; Fig. 4B-C). 

Subsequent pair-wise comparisons revealed that p- LKB1 (t = -2.740, P < 0.05, for S-

C; t = -3.368, P < 0.05, for C-S; t = -3.517, P < 0.05, for C-C) and p-CaMK4 (t = -

2.501, P < 0.05, for S-C; t = -3.142, P < 0.05, for C-S; t = -4.252, P < 0.05, for C-C) 

were elevated in the S-C, C-S, and C-C subgroups compared with the control 

subgroup (S-S). Additionally, in the cocaine-sensitized group, p-LKB1 and p-CaMK4 

levels exhibited further enhancements of the initial increases following cocaine 

treatment (t = -2.614, P < 0.05; t = -2.919, P < 0.05, respectively; C-C vs. C-S). On 

the other hand, p-Thr-184/187-TAK1 was not affected by either acute or chronic 

cocaine treatment (F = 0.438, P = 0.516; Fig. 4D). 

 

p-GSK3β and p-AKT levels changed significantly following chronic cocaine 

treatment (F = 8.222 , P < 0.05; F = 9.025, P < 0.05, respectively; Fig. 5A-B). 

Follow-up pair-wise comparisons revealed that p- GSK3β (t = -3.517, P < 0.05, for C-

S; t = -2.531, P < 0.05, for C-C) and p-AKT (t = -4.360, P < 0.05, for C-S; t = -6.708, 

P < 0.05, for C-C) were higher in the C-S and C-C subgroups compared with the 

control subgroup (S-S). In addition, p-ERK1/2 and p-MEK1/2 levels significantly 
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changed after acute cocaine treatment (F = 4.932, P < 0.05; F = 5.515, P < 0.05, 

respectively; Fig. 5C-D). Subsequent pair-wise comparisons revealed that p-ERK1/2 

(t = -3.091, P < 0.05, for S-C; t = -3.373, P < 0.05, for C-C) and p-MEK1/2 (t = -

3.436, P < 0.05, for S-C; t = -3.016, P < 0.05, for C-C) were elevated in the S-C and 

C-C subgroups compared with the control subgroup (S-S). 

 

1.3. Phosphorylation of AMPK, GSK3β or ERK1/2 signaling pathways in the 

dorsal striatum following acute or chronic treatment 

 

p-Thr-172-AMPK levels significantly changed after both acute and chronic cocaine 

treatment (F = 5.777, P < 0.05; Fig. 6A). Follow-up pair-wise comparisons revealed 

that p-AMPK levels significantly decreased in the S-C, C-S, and C-C subgroups 

compared with the control subgroup (S-S) (t = 8.416, P < 0.05, for S-C; t = 11.958, P 

< 0.05, for C-S; t = 9.338, P < 0.05, for C-C). Thus, cocaine sensitization decreased 

p-AMPK activity, and an additional cocaine treatment further reduced it (t = 3.023, P 

< 0.05; C-C vs. C-S). p-LKB1 and p-CaMK4 also significantly changed after both 

acute and chronic cocaine treatment (F = 5.387, P < 0.05; F = 5.234, P < 0.05, 

respectively; Fig. 6B-C), but p-TAK1 was only affected by chronic treatment (F = 

11.583, P < 0.05; Fig. 6D). Subsequent pair-wise comparisons revealed that p-LKB1 

(t = 6.728, P < 0.05, for S-C; t = 6.442, P < 0.05, for C-S; t = 6.886, P < 0.05, for C-C) 

and p-CaMK4 (t = 6.773, P < 0.05, for S-C; t = 8.815, P < 0.05, for C-S; t = 8.208, P 

< 0.05, for C-C) levels significantly decreased in the S-C, C-S, and C-C subgroups 

compared with the control subgroup (S-S). Moreover, cocaine challenge to the 
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sensitized state further attenuated already decreased p-LKB1 and p-CaMK4 levels (t 

= 2.523, P < 0.05; t = 2.688, P < 0.05, respectively; C-C vs. C-S). 

 

p-GSK3β and p-AKT levels were only affected by chronic cocaine treatment (F = 

8.758, P < 0.05; F = 8.132, P < 0.05, respectively; Fig. 7A-B). Follow-up pair-wise 

comparisons revealed that p-GSK3β (t = 3.284, P < 0.05, for C-S; t = 3.316, P < 0.05, 

for C-C) and p-AKT (t = 3.129, P < 0.05, for C-S; t = 3.934, P < 0.05, for C-C) levels 

significantly decreased in the C-S and C-C subgroups compared with the control 

subgroups (S-S). p-ERK1/2 and p-MEK1/2 also significantly changed after acute 

cocaine treatment (F = 11.599, P < 0.05; F = 8.855, P < 0.05, respectively; Fig. 7C-

D). Subsequent pair-wise comparisons revealed that p-ERK1/2 (t = -3.722, P < 0.05, 

for S-C; t = -3.967, P < 0.05, for C-C) and p-MEK1/2 (t = -3.141, P < 0.05, for S-C; t 

= -3.305, P < 0.05, for C-C) were higher in the S-C and C-C subgroups compared 

with the control subgroup (S-S). 

 

1.4. Effects of DA receptor blockade 

 

Pretreatment with haloperidol and/or SCH23390 virtually abolished the locomotor 

effect of cocaine (Fig. 8). The ANOVA revealed significant differences among 

groups (F = 15.058, P <0.001). Post hoc tests indicated that the locomotor activity of 

the cocaine-treated (V-C) group was significantly higher compared with that of any 

other group (P < 0.05). However, the locomotor activity of the groups pretreated with 

SCH23390 and/or haloperidol before cocaine injection did not differ from that of the 
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V-V treatment group (P = 0.679 for S-C, P = 0.575 for H-C, P = 0.593 for SH-C). 

These drugs did not alter locomotor activity when used in isolation (P = 0.503 for S-

V, P = 0.517 for H-V, P = 0.549 for SH-V compared with the V-V group). 

 

1.5. Drug effects on the phosphorylation of AMPKα and its upstream kinases 

LKB1, CaMKKβ and TAK1 in the frontal cortex 

 

As shown in Fig. 9A, significant group differences were observed (F = 17.328, P < 

0.01). Based on post hoc testing, the phosphorylation level of AMPKα was increased 

significantly by cocaine treatment (P < 0.01 for V-C). SCH23390, or a combination 

of SCH23390 and haloperidol, abolished the effect of cocaine (P < 0.05 for S-C, P < 

0.05 for SH-C, compared with V-C group), whereas the phosphorylation induced by 

cocaine was enhanced by haloperidol pretreatment (P < 0.05 for H-C, compared with 

the V-C group). SCH23390 or haloperidol alone did not alter phosphorylation level 

(P = 0.539 for S-V, P = 0.267 for H-V). Co-administration of SCH23390 and 

haloperidol also failed to alter the phosphorylation level (P = 0.568 for SH-V). The 

phosphorylation levels of CaMK4 (F = 36.088, P < 0.01) and LKB1 (F = 9.570, P < 

0.01) differed significantly among groups (Fig. 9B-C). Post hoc tests revealed that the 

phosphorylation levels of CaMK4 and LKB1 were increased significantly by cocaine 

treatment (P < 0.01 for both). The effects of cocaine were accentuated during 

haloperidol pretreatment (P < 0.05 for both, compared with the V-C group). In 

contrast, induction by cocaine on p-Thr-196-CaMK4 (P < 0.05 for S-C, P < 0.05 for 

SH-C, compared with V-C group) and p-Ser-431-LKB1 (P < 0.05 for S-C, P < 0.05 
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for SH-C, compared with V-C group) was blocked by pretreatment with SCH23390 

or co-treatment with SCH23390 and haloperidol. SCH23390 and/or haloperidol did 

not affect the phosphorylation levels of CaMK4 and LKB1 (CaMK4: P = 0.772 for S-

V, P = 0.493 for H-V, P = 374 for SH-V; LKB1: P = 0.933 for S-V, P = 0.959 for H-V, 

P = 0.648 for SH-V). The phosphorylation level of TAK1 was not affected by these 

drug treatments (F = 1.495, P = 0.216; Fig. 9D). 

 

1.6. Drug effects on the phosphorylation of AMPKα and its upstream kinases 

LKB1, CaMKKβ and TAK1 in the dorsal striatum 

 

The phosphorylation level of AMPKα differed significantly among groups (F = 4.037, 

P < 0.01; Fig. 10A). Post hoc tests indicated that p-Thr-172-AMPKα was reduced 

significantly by cocaine treatment (P < 0.01 for V-C) and was reduced further still by 

pretreatment with SCH23390 (P < 0.05 for S-C compared with V-C). However, 

pretreatment with haloperidol or co-treatment with haloperidol and SCH23390 

blocked the effect of cocaine (P < 0.05 for H-C; P < 0.05 for SH-C, compared with 

V-C group). The effects of SCH23390 and/or haloperidol did not affect the 

phosphorylation level of AMPKα (P = 0.280 for S-V, P = 0.649 for H-V, P = 0.492 

for SH-V). The phosphorylation levels of CaMK4 (F = 8.990, P < 0.01) and LKB1 (F 

= 4.819, P < 0.01) differed significantly among groups (Fig. 10B-C). Post hoc 

comparisons indicated that the phosphorylation levels of CaMK4 and LKB1 were 

reduced significantly by cocaine treatment (P < 0.01 for both) but were aggravated by 

pretreatment with SCH23390 (P < 0.05 for both, compared with the V-C group). 
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Nevertheless, the effects of cocaine on p-Thr-196-CaMK4 (P < 0.05 for H-C, P < 

0.05 for SH-C, compared with V-C group) and p-Ser-431-LKB1 (P < 0.05 for H-C, P 

< 0.05 for SH-C, compared with V-C group) were abolished by haloperidol or co-

treatment with haloperidol and SCH23390. SCH23390 and/or haloperidol did not 

alter the phosphorylation levels (CaMK4: P = 0.193 for S-V, P = 0.379 for H-V, P = 

737 for SH-V, LKB1: P = 0.371 for S-V, P = 0.672 for H-V, P = 0.591 for SH-V). No 

drug effects on p-Thr-184/187-TAK1 were found in the dorsal striatum (F = 0.475, P 

= 0.843; Fig. 10D). 

 

2. Effect of ethanol 

 

2.1. Behavioral sensitization after chronic ethanol treatment 

 

Locomotor activity did not alter by acute treatment with low dose of ethanol (0.5 g/kg; 

t = 0.899, p = 0.669), while it decreased by high dose of ethanol (2 g/kg; t = 2.308, p 

< 0.05). When treatment with ethanol for fifteenth times, locomotor activity was 

increased by low-dose (0.5 g/kg; t = -2.137, p < 0.05) and decreased by high-dose (2 

g/kg; t = 3.075, p < 0.05), compared with that on first time. These data indicated that 

induction of behavioral sensitization appeared on low-dose of ethanol treatment. 

Saline-treated or 1 g/kg of ethanol-treated did not alter locomotor activity between the 

first and fifteenth times (1 g/kg: t = -0.874, p = 0.401; saline: t = -0.915, p = 0.372; 

Fig. 11). 
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2.2. Phosphorylation of AMPK, GSK3β or ERK1/2 signaling pathway in the 

frontal cortex following acute or chronic treatment 

 

Biochemical analysis was performed for only 0.5 g/kg of ethanol group and saline 

group because the sensitization occurred only at 0.5 g/kg of ethanol group. The 

phosphorylation level of AMPK was significantly affected by chronic treatment with 

ethanol (F = 7.555, p < 0.05; Fig. 12A). A post hoc test indicated that the p-AMPK 

level was not significantly changed in the S-E and E-S subgroups compared to the 

control subgroup (S-S) (t = -0.040, p = 0.969; t = -2.130, p = 0.066, respectively). 

However, an acute treatment in the sensitized state further increased the 

phosphorylation level (t = -2.418, p < 0.05). The phosphorylation levels of CaMK4 (F 

= 5.352, p < 0.05; Fig. 12B), LKB1 (F = 5.459, p < 0.05; Fig. 12C), and TAK1 (F = 

9.106, p < 0.05; Fig. 12D) was only altered by chronic treatment with ethanol. Based 

on post hoc test results, p-CaMK4 (t = 0.332, p = 0.748, for S-E; t = -1.052, p = 0.324, 

for E-S; t = -3.970, p < 0.05, for E-E) and LKB1 (t = 0.693, p = 0.508, for S-E; t = -

1.792, p = 0.111, for E-S; t = -2.982, p < 0.05, for E-E) levels were only increased in 

the E-E subgroup but not in the S-E and E-S subgroups, as compared with that in 

control subgroup (S-S). Ethanol sensitization increased p-TAK1 level regardless of 

subsequent ethanol treatment (t = 0.104, p = 0.920, for S-E; t = -4.721, p < 0.05, for 

E-S; t = -4.846, p < 0.05, for E-E). 

 

p-GSK3β and p-AKT levels significantly changed after both acute and chronic 

ethanol treatment (F = 4.239, P < 0.05; F = 4.844, P < 0.05, respectively; Fig. 13A-B). 
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Follow-up pair-wise comparisons revealed that p-GSK3β (t = -2.711, P < 0.05, for E-

E) and p-AKT (t = -2.930, P < 0.05, for E-E) levels were elevated in the E-E 

subgroups compared with the control subgroup (S-S). In addition, p-ERK1/2 and p-

MEK1/2 levels also changed after chronic ethanol treatment (F = 5.210, P < 0.05; F = 

5.789, P < 0.05, respectively; Fig. 13C-D). Subsequent pair-wise comparisons 

revealed that p-ERK1/2 (t = -3.248, P < 0.05, for E-E) and p-MEK1/2 (t = -2.326, P < 

0.05, for E-E) levels were higher in the E-E subgroups compared with the control 

subgroup (S-S). 

 

2.3. Phosphorylation of AMPK, GSK3β or ERK1/2 signaling pathway in the 

dorsal striatum following acute or chronic treatment 

 

p-Thr-172-AMPK level significantly changed after both acute and chronic ethanol 

treatment (F = 6.329, P < 0.05; Fig. 14A). Follow-up pair-wise comparisons revealed 

that p-AMPK level significantly decreased in the E-E subgroups compared with the 

control subgroup (S-S) (t = 2.998, P < 0.05, for E-E). p-LKB1 and p-CaMK4 levels 

also significantly changed after chronic ethanol treatment (F = 5.024, P < 0.05; F = 

5.269, P < 0.05, respectively; Fig. 14B-C). Subsequent pair-wise comparisons 

revealed that p-LKB1 (t = 2.620, P < 0.05, for E-E) and p-CaMK4 (t = 2.393, P < 

0.05, for E-E) levels significantly decreased in the E-E subgroups compared with the 

control subgroup (S-S). On the other hand, p-Thr-184/197-TAK1 level was not 

affected by either acute or chronic ethanol treatment (F = 0.129, P = 0.724; Fig. 14D). 

 



２２ 

 

p-GSK3β and p-AKT levels were only affected by chronic ethanol treatment (F = 

7.502, P < 0.05; F = 4.342, P < 0.05, respectively; Fig. 15A-B). Follow-up pair-wise 

comparisons revealed that p-GSK3β (t = 3.029, P < 0.05, for E-E) and p-AKT (t = 

2.698, P < 0.05, for E-E) levels significantly decreased in the E-E subgroups 

compared with the control subgroups (S-S). p-ERK1/2 and p-MEK1/2 levels also 

significantly changed after chronic ethanol treatment (F = 5.232, P < 0.05; F = 2.842, 

P < 0.05, respectively; Fig. 15C-D). Subsequent pair-wise comparisons revealed that 

p-ERK1/2 (t = 2.520, P < 0.05, for E-E) and p-MEK1/2 (t = 2.566, P < 0.05, for E-E) 

levels significantly decreased in the E-E subgroups compared with the control 

subgroup (S-S). 

 

2.4. Protein or mRNA expression levels of Egr-1 in the frontal cortex and dorsal 

striatum following acute or chronic treatment 

 

Acute treatment with ethanol revealed significant effects on the Egr-1 protein level in 

the frontal cortex (F = 7.265, P < 0.05; Fig. 16A) and dorsal striatum (F = 7.325, P < 

0.05; Fig. 16C). Follow-up pair-wise comparisons revealed that acute administration 

of ethanol significantly increased Egr-1 protein level in the frontal cortex (t = -5.193, 

P < 0.05, for S-E) and dorsal striatum (t = -2.536, P < 0.05, for S-E), as compared to 

that in the control group. However, Egr-1 protein level was not significantly changes 

in the E-S and E-E subgroups in the frontal cortex (t = -2.016, P = 0.079, for E-S; t = 

0.724, P = 0.490, for E-E) and dorsal striatum (t = -1.477, P = 0.178, for E-S; t = -

0.135, P = 0.896, for E-E), as compared to that in the control groups. 
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Egr-1 mRNA level were significantly correlated with acute effects in the frontal 

cortex (F = 6.034, P < 0.05; Fig. 16B) and dorsal striatum (F = 5.697, P < 0.05; Fig. 

16D). Subsequent pair-wise comparisons revealed that acute treatment with ethanol 

increased Egr-1 mRNA level in the frontal cortex (t = -8.950, P < 0.05, for S-E) and 

dorsal striatum (t = -9.574, P < 0.05, for S-E), as compared to that in each saline 

group. However, Egr-1 mRNA level did not alter by the E-S and E-E subgroups in the 

frontal cortex (t = -2.080, P = 0.102, for E-S; t = -0.519, P = 0.622, for E-E) and 

dorsal striatum (t = -1.283, P = 0.269, for E-S; t = -0.308, P = 0.774, for E-E), as 

compared to that in the control groups. 

 

3. Ethanol-cocaine cross-sensitization 

 

3.1. Expression of sensitized behavior by cocaine in ethanol-sensitized animals 

 

Results in Fig. 17 depict the cross-sensitization developed between ethanol chronic 

treatment and cocaine challenge. Acute treatment with cocaine increased locomotor 

activity in the non-sensitized (chronic sham-treated) group (S-S vs. S-C; t = -2.878, P 

< 0.05). When challenged with cocaine, the locomotor activity of the ethanol-

sensitized rats (E-C) was enhanced compared with the non-sensitized group (S-C) (t = 

-2.636, P < 0.05). These findings indicated that pre-exposure to ethanol results in 

sensitization to cocaine challenge confirming the cross-sensitization between the 

ethanol and cocaine. When challenged with saline, the locomotor activity did not 
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differed in the ethanol-sensitized state and non-sensitized state (S-S vs. E-S; t = -

1.579, P = 0.149). 

 

3.2. Phosphorylation of AMPK, GSK3β or ERK1/2 signaling pathways in the 

frontal cortex following ethanol-cocaine cross-treatment 

 

The phosphorylation level of AMPKα significantly differed among groups in the 

frontal cortex (F = 12.232, P < 0.05; Fig. 18A). Post hoc testing revealed that the p-

AMPK level was higher in the S-C and E-C subgroups compared with the control 

subgroups (S-S) (t = -2.774, P < 0.05, for S-C; t = -4.733, P < 0.05, for E-C). 

Additionally, the cocaine challenge in ethanol-sensitized state was enhanced 

compared with the non-sensitized group (t = -3.148, P < 0.05; E-C vs. S-C). p-

CaMK4, p-LKB1 and p-TAK1 levels significantly differed among the groups in the 

frontal cortex (CaMK4: F = 4.710, P < 0.05; LKB1: F = 7.086, P < 0.05; TAK1: F = 

5.442, P < 0.05;Fig. 18B-D). Post hoc tests revealed that p-CaMK4 (t = -2.836, P < 

0.05, for S-C; t = -4.255, P < 0.05, for E-C) and p-LKB1 (t = -2.711, P < 0.05, for S-

C; t = -3.140, P < 0.05, for E-C) levels were elevated in the S-C and E-C subgroups 

compared with the control subgroups (S-S). Moreover, when challenged with cocaine, 

p-CaMK4 and p-LKB1 levels in the ethanol-sensitized state were enhanced compared 

with the non-sensitized state (t = -2.163, P < 0.05; t = -2.117, P < 0.05, respectively; 

E-C vs. S-C). p-TAK1 level was higher in the E-S and E-C subgroups compared with 

the control subgroup (S-S) (t = -2.249, P < 0.05, for E-S; t = -2.695, P < 0.05, for E-

C). 
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p-GSK3β and p-AKT levels significantly differed among groups in the frontal cortex 

(F = 4.887, P < 0.05; F = 4.700, P < 0.05, respectively; Fig. 19A-B). Post hoc testing 

revealed that p-GSK3β (t = -2.468, P < 0.05, for E-C) and p-AKT (t = -3.166, P < 

0.05, for E-C) levels were enhanced in the E-C subgroup compared with the control 

subgroup (S-S). p-ERK1/2 and p-MEK1/2 levels significantly differed among the 

groups in the frontal cortex (F = 7.726, P < 0.05; F = 8.746, P < 0.05, respectively; 

Fig. 19C-D). Post hoc tests revealed that p-ERK1/2 (t = -2.256, P < 0.05, for S-C; t = 

-4.568, P < 0.05, for E-C) and p-MEK1/2 (t = -2.398, P < 0.05, for S-C; t = -3.446, P 

< 0.05, for E-C) levels were higher in the S-C and E-C subgroups compared with the 

control subgroup (S-S). Additionally, in phosphorylation levels, the cocaine challenge 

in ethanol-sensitized state was enhanced compared with the non-sensitized group 

(ERK1/2: t = -2.227, P < 0.05; MEK1/2: t = -2.324, P < 0.05; E-C vs. S-C). 

 

3.3. Phosphorylation of AMPK, GSK3β or ERK1/2 signaling pathways in the 

dorsal striatum following ethanol-cocaine cross-treatment 

 

p-AMPK levels significantly differed among groups in the dorsal striatum (F = 6.559, 

P < 0.05; Fig. 20A). Post hoc testing revealed that the p-AMPK level significantly 

decreased in the S-C and E-C subgroups compared with the control subgroups (S-S) (t 

= 2.329, P < 0.05, for S-C; t = 3.631, P < 0.05, for E-C). Additionally, the cocaine 

challenge in ethanol-sensitized state was reduced compared with the non-sensitized 

group (t = 3.631, P < 0.05; E-C vs. S-C). p-CaMK4 and p-LKB1 levels significantly 
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differed among the groups in the dorsal striatum (CaMK4: F = 3.755, P < 0.05; LKB1: 

F = 4.631, P < 0.05; Fig. 20B-C). Post hoc tests revealed that p-CaMK4 (t = 2.310, P 

< 0.05, for S-C; t = 4.004, P < 0.05, for E-C) and p-LKB1 (t = 2.241, P < 0.05, for S-

C; t = 4.550, P < 0.05, for E-C) levels significantly decreased in the S-C and E-C 

subgroups compared with the control subgroups (S-S). Moreover, when challenged 

with cocaine, p-CaMK4 and p-LKB1 levels in the ethanol-sensitized state attenuated 

compared with the non-sensitized state (t = 2.952, P < 0.05; t = 2.491, P < 0.05, 

respectively; E-C vs. S-C). No drug effects were observed on p-TAK1 in the dorsal 

striatum (F = 0.658, P = 0.588; Fig. 20D). 

 

p-GSK3β and p-AKT levels significantly differed among groups in the dorsal 

striatum (F = 3.721, P < 0.05; F = 3.764, P < 0.05, respectively; Fig. 21A-B). Post 

hoc testing revealed that p-GSK3β (t = 2.411, P < 0.05, for E-C) and p-AKT (t = 

2.541, P < 0.05, for E-C) levels significantly decreased in the E-C subgroup 

compared with the control subgroup (S-S). p-ERK1/2 and p-MEK1/2 levels 

significantly differed among the groups in the dorsal striatum (F = 4.351, P < 0.05; F 

= 5.627, P < 0.05, respectively; Fig. 21C-D). Post hoc tests revealed that p-ERK1/2 (t 

= -2.979, P < 0.05, for S-C) and p-MEK1/2 (t = -2.978, P < 0.05, for S-C) levels were 

higher in the S-C subgroups compared with the control subgroup (S-S). 

 

4. Cocaine-ethanol cross-sensitization 

 

4.1. Expression of sensitized behavior by ethanol in cocaine-sensitized animals 
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Results in Fig. 22 described the cross-sensitization developed between cocaine 

chronic treatment and ethanol challenge. When challenged with ethanol, the 

locomotor activity of the cocaine sensitized animals (C-E) significantly increased 

compared with the naïve-state group (S-E) (t = -3.196, P < 0.05). These findings 

indicated that pretreated with cocaine results in sensitization to ethanol challenge, 

confirming the cross-sensitization between ethanol and cocaine. When challenged 

with saline, the locomotor activity did not significantly differed between the cocaine-

sensitized state and naïve-sensitized state (S-S vs. C-S; t = 1.064, P = 0.399). 

 

4.2. Phosphorylation of AMPK, GSK3β or ERK1/2 signaling pathways in the 

frontal cortex following cocaine-ethanol cross-treatment 

 

The phosphorylation level of AMPKα significantly changed in the cocaine-sensitized 

state (F = 11.411, P < 0.05; Fig. 23A). Follow-up pair-wise comparisons revealed that 

the p-AMPK level was higher in the C-S and C-E subgroups compared with the 

control subgroups (S-S) (t = -2.457, P < 0.05, for C-S; t = -3.182, P < 0.05, for C-E). 

However, the ethanol challenge in cocaine-sensitized state was not enhanced 

compared with the saline challenge (t = -0.623, P = 0.547; C-E vs. S-E). p-CaMK4 

and p-LKB1 levels significantly changed in the cocaine-sensitized state (CaMK4: F = 

5.148, P < 0.05; LKB1: F = 5.212, P < 0.05; Fig. 23B-C). Subsequent pair-wise 

comparisons revealed that p-CaMK4 (t = -2.555, P < 0.05, for C-S; t = -3.142, P < 

0.05, for C-E) and p-LKB1 (t = -2.862, P < 0.05, for C-S; t = -3.175, P < 0.05, for C-
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E) levels were elevated in the C-S and C-E subgroups compared with the control 

subgroups (S-S). Moreover, when challenged with ethanol, p-CaMK4 (t = -0.517, P = 

0.624; C-S vs. C-E) and p-LKB1 (t = -0.331, P = 0.748; C-S vs. C-E) levels in the 

cocaine-sensitized state were not enhanced compared with the saline challenge. No 

drug effects were observed on p-TAK1 in the frontal cortex (F = 0.623, P = 0.608; 

Fig. 23D). 

 

p-GSK3β and p-AKT levels significantly changed in the cocaine-sensitized state (F = 

7.464, P < 0.05; F = 15.600, P < 0.05, respectively; Fig. 24A-B). Follow-up pair-wise 

comparisons revealed that p-GSK3β (t = -2.951, P < 0.05, for C-S; t = -3.284, P < 

0.05, for C-E) and p-AKT (t = -3.010, P < 0.05, for C-S; t = -3.537, P < 0.05, for C-E) 

levels were enhanced in the C-S and C-E subgroups compared with the control 

subgroup (S-S), whereas an additional challenge with ethanol did not alter the p-

GSK3β (t = -0.009, P = 0.993; C-S vs. C-E) and p-AKT (t = -0.486, P = 0.637; C-S 

vs. C-E) levels in the cocaine-sensitized state. p-ERK1/2 and p-MEK1/2 levels 

significantly changed after the ethanol challenge and cocaine-sensitized state (F = 

6.164, P < 0.05; F = 5.515, P < 0.05, respectively; Fig. 24C-D). Subsequent pair-wise 

comparisons revealed that p-ERK1/2 (t = -2.851, P < 0.05, for C-E) and p-MEK1/2 (t 

= -3.724, P < 0.05, for C-E) levels were higher in the C-E subgroup compared with 

the control subgroup (S-S).  

 

4.3. Phosphorylation of AMPK, GSK3β or ERK1/2 signaling pathways in the 

dorsal striatum following cocaine-ethanol cross-treatment 
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p-AMPK levels significantly changed in the cocaine-sensitized state (F = 8.965, P < 

0.05; Fig. 25A). Follow-up pair-wise comparisons revealed that the p-AMPK level 

significantly decreased in the C-S and C-E subgroups compared with the control 

subgroups (S-S) (t = 2.726, P < 0.05, for C-S; t = 3.451, P < 0.05, for C-E). However, 

the ethanol challenge in cocaine-sensitized state did not reduce compared with the 

saline challenge (t = 0.790, P = 0.448; C-S vs. C-E). p-CaMK4, p-LKB1 and p-TAK1 

levels significantly changed in the cocaine-sensitized state (CaMK4: F = 11.198, P < 

0.05; LKB1: F = 9.796, P < 0.05; TAK1: F = 5.598, P < 0.05; Fig. 25B-D). 

Subsequent pair-wise comparisons revealed that p-CaMK4 (t = 2.349, P < 0.05, for 

C-S; t = 2.959, P < 0.05, for C-E), p-LKB1 (t = 2.467, P < 0.05, for C-S; t = 3.130, P 

< 0.05, for C-E) and p-TAK1 (t = 2.898, P < 0.05, for C-S; t = 2.815, P < 0.05, for C-

E) levels significantly decreased in the C-S and C-E subgroups compared with the 

control subgroups (S-S). However, ethanol challenge did not alter the p-CaMK4 (t = 

1.532, P = 0.156; C-S vs. C-E), p-LKB1 (t = 0.491, P = 0.634; C-S vs. C-E) and p-

TAK1 (t = 0.163, P = 0.874; C-S vs. C-E) levels compared with the saline challenge. 

 

p-GSK3β and p-AKT levels significantly changed in the cocaine-sensitized state (F = 

7.951, P < 0.05; F = 15.006, P < 0.05, respectively; Fig. 26A-B). Follow-up pair-wise 

comparisons revealed that p-GSK3β (t = 2.547, P < 0.05, for C-S; t = 3.322, P < 0.05, 

for C-E) and p-AKT (t = 2.454, P < 0.05, for C-S; t = 2.742, P < 0.05, for C-E) levels 

significantly decreased in the C-S and C-E subgroups compared with the control 

subgroup (S-S). Yet, in the cocaine-sensitized state, ethanol challenge did not reduce 
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p-GSK3β (t = 0.924, P = 0.377; C-S vs. C-E) and p-AKT (t = 0.568, P = 0.590; C-S 

vs. C-E) levels compared with the saline challenge. No drugs effects were observed 

on p-ERK1/2 and p-MEK1/2 in the dorsal striatum (F = 0.723, P = 0.550; F = 0.473, 

P = 0.705, respectively; Fig. 26C-D). 
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Discussion 

 

Stimulant-induced behavioral sensitization serves as models for both psychosis and 

drug addiction (40, 41). In terms of drug addiction, the sensitization is a mechanism 

by which the drug or drug-related stimuli attain the salience, which make the affected 

individual compulsively pursue the drug (41). However, non-stimulant drugs are also 

addictive. For example, the CNS depressant ethanol is a representative substance of 

addiction. Theoretically, addictive substances are supposed to have a common 

mechanism of action. And if so, the mechanism would be related to the development 

of sensitization. However, ethanol-induced behavioral sensitization is not well-known 

like the stimulant-induced sensitization. 

 

The main purpose of this study was to investigate whether ethanol also induces the 

behavioral sensitization, and if so to compare the cocaine- and ethanol-induced 

behavioral sensitization. As expected, the development of sensitization induced by 

cocaine only for 5 consecutive days, which suggest that the behavioral responsiveness 

to acute cocaine was augmented by previous treatment. Moreover, the blockade of D1 

and/or D2 receptors attenuated the acute activating effects of cocaine. Thus, 

locomotor activation requires simultaneous activation of both the D1 and D2 receptors 

and it has been suggested that the development of cocaine-induced behavioral 

sensitization is mediated by both D1 and D2 receptors (67). In addition, ethanol 

needed much more treatments (15 times) in order to induce sensitization. Stimulants 

were more addictive than ethanol in clinically and the intravenous injection of 
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stimulants could quickly lead to addiction after just a few trials, whereas long-term 

consumption of ethanol is required to be addicted. The stimulants works directly on 

dopamine system and dopamine system plays the key role in the sensitization to 

stimulant (43, 44). The action of ethanol on dopamine system is only indirect. 

However, long-term treatment with ethanol also produced robust sensitization. We 

demonstrated that the development of behavioral sensitization was observed at low 

dose ethanol (0.5 g/kg). Ethanol has a biphasic effects on the behavioral activity (47-

49). The locomotor activity was inhibited by high-doses of ethanol (50, 51), while 

activated by low doses of ethanol (52, 53). In the present study, locomotor activity 

was decreased by acute treatment with high dose of ethanol (2g/kg), which was 

corresponded with properties of CNS depressant. But low dose of ethanol (0.5 g/kg) 

did not affect the behavior. However, acute treatment with low dose of ethanol 

increased the Egr-1 protein and mRNA levels, which was a reflection of neuronal 

activation (60-62). That is, although a low dose of ethanol was unable to induce 

manifest locomotor activity, it could still modulate or stimulate the neuronal 

activation and repetition of this activation eventually leads to the behavioral 

sensitization. 

 

Previous studies demonstrated that the context-dependent sensitization might be an 

essential factor in the expression of sensitization to psychostimulants (5, 41, 68). 

Studies of sensitization between ethanol and cocaine were associated with “drug-

dependent”, rather than “context-dependent” (69), but not in others (70, 71). In the 

present study, drug treatment was received in home cage and the rats were only 
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exposed to the cage on the behavioral test. The baseline locomotor activity of the 

naïve-animals (measured on the first day before treatments) was not enhanced 

between these subgroups. Therefore, we demonstrated that developments of 

behavioral sensitization to ethanol and cocaine were more drug-dependent than 

environment-related. 

 

We demonstrated that, a challenge with ethanol induced higher activity levels in 

cocaine-sensitized state than in naïve state, while the acute response to cocaine was 

accentuated in the ethanol-sensitized state compared to the naïve state. Thus, cross-

sensitization occurred between the ethanol and cocaine. Previous studies have been 

reported that repeated injections of ethanol or cocaine induced behavioral 

sensitization and reciprocal cross-sensitization to the stimulant effects of each drug 

(69). In contrast, cocaine-sensitized state sensitized behavior to ethanol, but ethanol-

sensitized state did not show increased response to cocaine (70). Ethanol cross-

sensitization to cocaine was consistent with previous reports of cross-sensitization by 

another dopamine uptake inhibitor, GBR 12909. Dopamine uptake inhibitor increases 

the synaptic dopamine levels and greater activity in the ethanol-sensitized state (72). 

One plausible explanation may be that sensitization to ethanol increases basal 

dopamine levels by upregulating the activity of dopamine neurons, and a large 

number of studies support the idea that ethanol activates the dopamine system (73-76). 

Thus, our results suggest that different drugs might have a common mechanism of 

drug addiction, and supported that the addiction to one substance was particularly 

vulnerable to develop an addiction to another substance. 
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The cocaine-sensitized animals exhibited altered levels of AMPK phosphorylation but 

not in the ethanol-sensitized state. The increased phosphorylation of AMPK in the 

cocaine-sensitized state might be related to postsynaptic mechanisms involved in the 

dopaminergic system and, thus, it may be related to the finding that the proportion of 

high-affinity DA receptors (D1 and D2) was increased in the sensitized state (77, 78). 

No changes of phosphorylation in the ethanol-sensitized state might be related to 

differences in the specificity of drugs with neurochemical targets. Cocaine affects 

dopamine directly whereas ethanol appears to affect it indirectly (79, 80). The effect 

of ethanol is thought to be mediated by glutamate-GABA system, which indirectly 

activates the dopamine system (56). Furthermore, previous studies have demonstrated 

that repeated treatment with ethanol enhanced the responsiveness to DA 

neurotransmission without change in the dopamine concentrations in alcohol-

preferring rats (81, 82), but further studies are needed to verify that DA 

neurotransmission response are altered in the ethanol-sensitized state. 

 

The effects of cocaine on the phosphorylation of AMPK differed between the frontal 

cortex and dorsal striatum but the changes induced by D1 or D2 blocking agents were 

the same. The D1 blocking agent (SCH23390) reduced phosphorylation while the D2 

blocking agent (haloperidol) increased phosphorylation, which is in accordance with 

the roles of D1 and D2 receptors in the activation of the PKA system (12, 14), its 

upstream kinase LKB1 is regulated by PKA (15). Another upstream AMPK activator, 

CaMKKβ, can also be activated by cAMP-dependent pathways (16-18). The 
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differences between the frontal cortex and dorsal striatum observed in the present 

study could be explained by the relative abundance of D1 and D2 receptors in these 

regions. Anatomically, D2 receptors are more abundant than D1 receptors in the dorsal 

striatum while D1 receptors are more abundant than D2 receptors in the frontal cortex 

(14, 83). Thus, the D1 receptor-mediated effects were more pronounced in the frontal 

cortex while the D2 receptor-mediated effects preferentially occurred in the dorsal 

striatum. In ethanol-sensitized rats, a challenge with ethanol was also observed the 

opposite direction of AMPK activity change in the frontal cortex and dorsal striatum, 

and the upstream kinases LKB1 and CaMK were compatible to the change of AMPK 

phosphorylation. Thus, these data suggest that effect of ethanol on AMPK system 

might be associated with the dopaminergic system. Consistent with this hypothesis, 

the phosphorylation of TAK1 was increased after repeated treatment with ethanol in 

the frontal cortex but not in the dorsal striatum. On the contrary, repeated treatment 

with cocaine decreased it in the dorsal striatum but not in the frontal cortex. It seemed 

to depend upon the other cellular signal pathway, because TAK1 was not a substrate 

of dopaminergic system. 

 

GSK3 played an important role in the regulation of dopamine-dependent behaviors 

(31). The phosphorylations of AKT and its downstream GSK3β were decreased in the 

dorsal striatum, and a challenge with ethanol or cocaine also significantly reduced in 

the ethanol-sensitized state. Many evidences proved that AKT and GSK3 

phosphorylations were modulated by D2 receptor via β-arrestin/AKT/PP2A/GSK3 

complex. The treatment with quinpirole, a D2 receptor agonist, could reduce the 
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phosphorylations of AKT and GSK3, whereas raclopride, a D2 receptor antagonist, 

could increase the phosphorylations of AKT and GSK3 in rat brain (84, 85). Thus, 

repeated administration of dopaminergic stimulants clearly decreased in AKT and 

GSK3 in the dorsal striatum. In contrast, frontal cortical AKT and GSK3 

phophorylations were oppositely regulated by repeated administration of cocaine and 

ethanol compared to the dorsal striatum. Our results corresponded with previous 

study, which also demonstrated that amphetamine-induced behavioral sensitization 

had opposite effects in the phophorylations of AKT and GSK3 between the cerebral 

cortex and striatum (86). In our previously study, we demonstrated that cocaine-

induced behavioral sensitization was accompanied by the increased baseline 

phosphorylations of GSK-3β and AKT in the frontal cortex (66). It was possible that 

activation of either D1 or D2 receptors could also activate AKT via receptor tyrosine 

kinase (RTK) transactivation leading to enhancement of PI3K signaling (87). Thus, 

these results suggested that differential activation changes were related with brain 

regions. 

 

In the ethanol-sensitized state, the phosphorylation of ERK1/2 and MEK were 

increased in the frontal cortex and decreased it in the dorsal striatum by ethanol (E-E) 

or cocaine (E-C) challenge. DA affected the cAMP/PKA signaling pathway via D1 or 

D2 type receptors and, ERK1/2 was regulated by PKA (88). Given the consistency of 

above results, the effect of ethanol on the MAPK pathway were differentially 

mediated by DA D1 or D2 receptors in different regions of the brain. However, acute 

treatment with cocaine increased in the ERK1/2 phosphorylation in both regions. 
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Acute cocaine-induced ERK1/2 activation in mesocorticolimbic projection areas, 

including the frontal cortex and dorsal striatum was demonstrated in previous reports 

(60, 89, 90). Since it is known that ERK1/2 pathway is also regulated by BDNF/TrkB 

(tropomyosin receptor kinase B), acute cocaine-induced ERK phosphorylation would 

be also mediated via BDNF/TrkB pathway independently of PKA-mediated pathway 

in the dorsal striatum. Thus, DA receptor sensitization might not be responsible for 

ERK response to cocaine. 

 

In conclusion, the present study showed that: (1) the locomotor and AMPK activities 

were induced by acute treatment with cocaine and augmented by the repeated 

treatment with cocaine. Additionally, activation of AMPK appeared to be mediated by 

LKB1 and CaMK4 while TAK1 activity was only induced in the dorsal striatum of 

cocaine-sensitized rats; (2) the opposite effects of the AMPK system and AKT/GSK 

pathway between the dorsal striatum and frontal cortex induced by cocaine might be 

explained by the differential activations of DA D1 and D2 receptors in these brain 

regions. The MEK/ERK pathway might not be responsible for response to cocaine-

sensitization; (3) behavioral sensitization was induced by the repeated treatment with 

low-dose of ethanol: at this dose neither acute activating or nor acute inhibitory 

behavioral response was observed; (4) the cross-sensitization was occurred between 

the cocaine and ethanol, and it could suggest an underlying common mechanism for 

drug dependence. Ethanol- and cocaine-sensitization has similarities and differences 

in the locomotor and protein kanases activities. Common features would be mediated 

by dopamine signaling, but the difference would be mediated by the action of ethanol 
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on the glutamate-GABA system. 
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Figure 1. Dopamine signaling pathway. 
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Figure 2. Experimental schedule.  
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Figure 3. Behavioral sensitization induced by repeated injection of cocaine. 

 

Locomotor activity was monitored for 15 minutes before and 60 minutes after the 

administration of either cocaine (15 mg/kg, i.p.) or saline (0.9% NaCl, i.p.). (A) Time 

curves for locomotor activity after acute or chronic cocaine administration plotted in 

5-min bins; the dotted line indicates the time of drug injection. (B) The total distance 

traveled summed over 30 minutes. All data are presented as mean ± SE (n = 5-6 

rats/subgroup). *, significant difference between the saline and cocaine groups; **, 

significant difference between acute and chronic cocaine groups. 
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Figure 4. The phosphorylation of AMPK signal pathway in the frontal cortex 

following acute or chronic cocaine treatment. 

 

The phosphorylation levels of AMPKα (A) and its upstream kinases CaMK4 (B), 

liver kinase B1 (LKB1) (C), and TGF- β activated kinase-1 (TAK1) (D) in the frontal 

cortex. Data are expressed as relative optical densities (ODs) normalized to the ODs 

of the corresponding total protein levels. All data are presented as mean ± SE (n = 5-6 
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rats/subgroup) and were analyzed with two-way analysis of variance (ANOVA); S-S, 

chronic saline (days 8-12) and saline challenge (day 13); S-C, chronic saline and 

cocaine challenge; C-S, chronic cocaine and saline challenge; C-C, chronic cocaine 

and cocaine challenge. *, significant difference compared to the S-S subgroup; **, 

significant difference between the C-S and C-C subgroups. 
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Figure 5. The phosphorylation levels of GSK3β and ERK1/2 in the frontal cortex 

following acute or chronic cocaine treatment. 

 

The phosphorylation levels of GSK3β (A) and its upstream kinases AKT (B), ERK1/2 

(C) and its upstream MEK1/2 (D) in the frontal cortex induced by acute or chronic 

cocaine administration. ODs were normalized to the ODs of corresponding total 

protein levels. All data are presented as mean ± SE (n = 5-6 rats/subgroup) and were 
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analyzed using two-way analysis of variance (ANOVA). S-S, chronic saline (days 8-

12) and saline challenge (day 13); S-C, chronic saline and cocaine challenge; C-S, 

chronic cocaine and saline challenge; C-C, chronic cocaine and cocaine challenge. *, 

significant difference compared to the S-S subgroup. 
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Figure 6. The phosphorylation of AMPK signal pathway in the dorsal striatum 

following acute or chronic cocaine treatment. 

 

The phosphorylation levels of AMPKα (A) and its upstream kinases CaMK4 (B), 

LKB1 (C), and TAK1 (D) in the dorsal striatum induced by acute or chronic cocaine 

administration. ODs were normalized to the ODs of corresponding total protein levels. 

All data are presented as mean ± SE (n = 5-6 rats/subgroup) and were analyzed using 
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two-way analysis of variance (ANOVA). S-S, chronic saline (days 8-12) and saline 

challenge (day 13); S-C, chronic saline and cocaine challenge; C-S, chronic cocaine 

and saline challenge; C-C, chronic cocaine and cocaine challenge. *, significant 

difference compared to the S-S subgroup; **, significant difference between the C-S 

and C-C subgroups. 
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Figure 7. The phosphorylation levels of GSK3β-AKT and ERK1/2-MEK1/2 in 

the dorsal striatum following acute or chronic cocaine treatment. 

 

The phosphorylation levels of GSK3β (A) and its upstream kinases AKT (B), ERK1/2 

(C) and its upstream MEK1/2 (D) in the dorsal striatum induced by acute or chronic 

cocaine administration. ODs were normalized to the ODs of corresponding total 

protein levels. All data are presented as mean ± SE (n = 5-6 rats/subgroup) and were 
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analyzed using two-way analysis of variance (ANOVA). S-S, chronic saline (days 8-

12) and saline challenge (day 13); S-C, chronic saline and cocaine challenge; C-S, 

chronic cocaine and saline challenge; C-C, chronic cocaine and cocaine challenge. *, 

significant difference compared to the S-S subgroup. 
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Figure 8. SCH23390 and haloperidol treatment blocked the acute locomotor 

activating effects of cocaine 

 

Mean activity counts following challenge injection of cocaine (15 mg/kg, -C) or 

saline (0.9% NaCl, -V) for groups of rats previously treated with saline (V-), 

SCH23390 (0.5 mg/kg, S-), or haloperidol (1 mg/kg, H-) or co-treated with 

SCH23390 and haloperidol (SH-). Significant differences were observed among the 

eight groups (F = 15.058, P < 0.001), with Group V-C exhibiting enhanced locomotor 

activity compared to the other groups. SCH23390 and/or haloperidol decreased 

mobility when co-administered with cocaine or saline. Locomotor activity summed 

for 30 minutes. *, significant difference compared to the V-V group. 
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Figure 9. Drug effects on the phosphorylation of AMPKα and its upstream 

kinases LKB1, CaMKKβ, and TAK1 in the frontal cortex 

 

Drug effects on phosphorylation levels of AMPKα (A) and its upstream kinases 

CaMK4 (B), LKB1 (C), and TAK1 (D) in the frontal cortex. Rats received challenge 

injections of cocaine (15 mg/kg, -C) or saline (0.9% NaCl, -V) for groups of rats 
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previously treated with saline (V-), SCH23390 (0.5 mg/kg, S-), haloperidol (1 mg/kg, 

H-) or co-treated with SCH23390 and haloperidol (SH-). ODs were normalized 

against their corresponding protein levels. All data are presented as mean ± SE (n = 4 

rats/group) and were analyzed using one-way analysis of variance (ANOVA). *, 

significant difference compared to the V-V group ;  ** ,  significant difference 

compared to the S-V groups. 
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Figure 10. Drug effects on the phosphorylation of AMPKα and its upstream 

kinases LKB1, CaMKKβ, and TAK1 in the dorsal striatum 

 

Drug effects on phosphorylation levels of AMPKα (A) and upstream kinases CaMK4 

(B), LKB1 (D), and TAK1 (C) in the dorsal striatum. Rats received challenge 

injections of cocaine (15 mg/kg, -C) or saline (0.9% NaCl, -V) for groups of rats 
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previously treated with saline (V-), SCH23390 (0.5 mg/kg, S-), haloperidol (1 mg/kg, 

H-) or co-treated with SCH23390 and haloperidol (SH-). ODs were normalized 

against their corresponding protein levels. All data are presented as mean ± SE (n = 4 

rats/group) and were analyzed using one-way ANOVA. *, significant difference 

compared to the V-V group; **, significant difference compared to the S-V groups. 
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Figure 11. Behavioral sensitization induced by repeated injection of ethanol. 

 

Locomotor activity was monitored for 30 minutes before and 60 minutes after the 

administration of ethanol (0.5, 1 or 2 g/kg, i.p.) or saline (0.9% NaCl, i.p.). The total 

distance traveled summed over 60 minutes. The locomotor activity was increased by 

chronic treatment with low dose of ethanol (0.5 g/kg). In contrast, the locomotor 

activity was decreased significantly by high dose of ethanol (2 g/kg) after acute or 

chronic treatment. All data are presented as mean ± SE (n = 5-6 rats/subgroup). *, 

significant difference between the saline and ethanol groups. 
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Figure 12. The phosphorylation of AMPK signal pathway in the frontal cortex 

following acute or chronic ethanol treatment. 

 

The phosphorylation levels of AMPKα (A) and its upstream kinases CaMK4 (B), 

LKB1 (C), and TAK1 (D) in the frontal cortex induced by acute or chronic ethanol 

administration. Data are expressed as relative optical densities (ODs) normalized to 

the ODs of the corresponding total protein levels. All data are presented as mean ± SE 
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(n = 5-6 rats/subgroup) and were analyzed with two-way analysis of variance 

(ANOVA). S-S, chronic saline (days 8-26) and saline challenge (day 27); S-E, 

chronic saline and ethanol challenge; E-S, chronic ethanol and saline challenge; E-E, 

chronic ethanol and ethanol challenge. *, significant difference compared to the S-S 

subgroup. 
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Figure 13. The phosphorylation levels of GSK3β-AKT and ERK1/2-MEK1/2 in 

the frontal cortex following acute or chronic ethanol treatment. 

 

The phosphorylation levels of GSK3β (A) and its upstream kinases AKT (B), ERK1/2 

(C) and its upstream MEK1/2 (D) in the frontal cortex induced by acute or chronic 

ethanol administration. ODs were normalized to the ODs of corresponding total 

protein levels. All data are presented as mean ± SE (n = 5-6 rats/subgroup) and were 
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analyzed using two-way analysis of variance (ANOVA). S-S, chronic saline (days 8-

26) and saline challenge (day 27); S-E, chronic saline and ethanol challenge; E-S, 

chronic ethanol and saline challenge; E-E, chronic ethanol and ethanol challenge. *, 

significant difference compared to the S-S subgroup. 
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Figure 14. The phosphorylation of AMPK signal pathway in the dorsal striatum 

following acute or chronic ethanol treatment. 

 

The phosphorylation levels of AMPKα (A) and its upstream kinases CaMK4 (B), 

LKB1 (C), and TAK1 (D) in the dorsal striatum induced by acute or chronic ethanol 

administration. ODs were normalized to the ODs of corresponding total protein levels. 

All data are presented as mean ± SE (n = 5-6 rats/subgroup) and were analyzed using 
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two-way analysis of variance (ANOVA). S-S, chronic saline (days 8-26) and saline 

challenge (day 27); S-E, chronic saline and ethanol challenge; E-S, chronic ethanol 

and saline challenge; E-E, chronic ethanol and ethanol challenge. *, significant 

difference compared to the S-S subgroup. 
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Figure 15. The phosphorylation levels of GSK3β-AKT and ERK1/2-MEK1/2 in 

the dorsal striatum following acute or chronic ethanol treatment. 

 

The phosphorylation levels of GSK3β (A) and its upstream kinases AKT (B), ERK1/2 

(C) and its upstream MEK1/2 (D) in the dorsal striatum induced by acute or chronic 

ethanol administration. ODs were normalized to the ODs of corresponding total 

protein levels. All data are presented as mean ± SE (n = 5-6 rats/subgroup) and were 
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analyzed using two-way analysis of variance (ANOVA). S-S, chronic saline (days 8-

26) and saline challenge (day 27); S-E, chronic saline and ethanol challenge; E-S, 

chronic ethanol and saline challenge; E-E, chronic ethanol and ethanol challenge. *, 

significant difference compared to the S-S subgroup. 
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Figure 16. Egr-1 protein and mRNA levels in the frontal cortex and dorsal 

striatum following acute or chronic ethanol treatment. 

 

Egr-1 protein level in the frontal cortex (A) and dorsal striatum (C) induced by acute 

or chronic ethanol administration. ODs were normalized to the ODs of corresponding 

β-actin protein levels. Quantitative real-time polymerase chain reaction data for the 

Egr-1 mRNA expression levels in the frontal cortex (B) and dorsal striatum (D) after 

acute or chronic treatment with ethanol. Fold changes in each gene compared with the 
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sham control were normalized to β-actin expression.All data are presented as mean ± 

SE (n = 5-6 rats/subgroup) and were analyzed using two-way analysis of variance 

(ANOVA). S-S, chronic saline (days 8-26) and saline challenge (day 27); S-E, 

chronic saline and ethanol challenge; E-S, chronic ethanol and saline challenge; E-E, 

chronic ethanol and ethanol challenge. *, significant difference compared to the S-S 

subgroup. 
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Figure 17. Behavioral sensitization after ethanol-cocaine cross-treatment. 

 

To observe the effect of cocaine on locomotor activity of rats, saline and ethanol were 

daily injection for 3 weeks (0.5 g/kg). After fifteenth injections, each group was 

challenged with cocaine (15 mg/kg) and locomotor activity was recorded for 30 

minutes. All data are presented as mean ± SE (n = 5-6 rats/subgroup). *, significant 

difference between the saline and cocaine groups; **, significant difference between 

acute and chronic cocaine groups. 
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Figure 18. The phosphorylation of AMPK signal pathway in the frontal cortex 

following ethanol-cocaine cross-treatment. 

 

The phosphorylation levels of AMPKα (A) and its upstream kinases CaMK4 (B), 

LKB1 (C), and TAK1 (D) in the frontal cortex induced by ethanol-cocaine cross 

administration. Data are expressed as relative optical densities (ODs) normalized to 

the ODs of the corresponding total protein levels. All data are presented as mean ± SE 



６８ 

 

(n = 5-6 rats/subgroup) and analyzed with one-way analysis of variance (ANOVA). 

S-S, chronic saline (days 8-12) and saline challenge (day 13); S-C, chronic saline and 

cocaine challenge; E-S, chronic ethanol and saline challenge; E-C, chronic ethanol 

and cocaine challenge. *, significant difference compared to the S-S subgroup; #, 

significant difference between the S-C and E-C subgroups. 
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Figure 19. The phosphorylation levels of GSK3β-AKT and ERK1/2-MEK1/2 in 

the frontal cortex following ethanol-cocaine cross-treatment. 

 

The phosphorylation levels of GSK3β (A) and its upstream kinases AKT (B), ERK1/2 

(C) and its upstream MEK1/2 (D) in the frontal cortex induced by ethanol-cocaine 

cross administration. ODs were normalized to the ODs of corresponding total protein 

levels. All data are presented as mean ± SE (n = 5-6 rats/subgroup) and were analyzed 
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using one-way analysis of variance (ANOVA). S-S, chronic saline (days 8-12) and 

saline challenge (day 13); S-C, chronic saline and cocaine challenge; E-S, chronic 

ethanol and saline challenge; E-C, chronic ethanol and cocaine challenge. *, 

significant difference compared to the S-S subgroup; #, significant difference between 

the S-C and E-C subgroups. 
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Figure 20. The phosphorylation of AMPK signal pathway in the dorsal striatum 

following ethanol-cocaine cross-treatment. 

 

The phosphorylation levels of AMPKα (A) and its upstream kinases CaMK4 (B), 

LKB1 (C), and TAK1 (D) in the dorsal striatum induced by ethanol-cocaine cross 

administration. Data are expressed as relative optical densities (ODs) normalized to 

the ODs of the corresponding total protein levels. All data are presented as mean ± SE 



７２ 

 

(n = 5-6 rats/subgroup) and were analyzed with one-way analysis of variance 

(ANOVA). S-S, chronic saline (days 8-12) and saline challenge (day 13); S-C, 

chronic saline and cocaine challenge; E-S, chronic ethanol and saline challenge; E-C, 

chronic ethanol and cocaine challenge. *, significant difference compared to the S-S 

subgroup; #, significant difference between the S-C and E-C subgroups. 
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Figure 21. The phosphorylation levels of GSK3β-AKT and ERK1/2-MEK1/2 in 

the dorsal striatum following ethanol-cocaine cross-treatment. 

 

The phosphorylation levels of GSK3β (A) and its upstream kinases AKT (B), ERK1/2 

(C) and its upstream MEK1/2 (D) in the dorsal striatum induced by ethanol-cocaine 

cross administration. ODs were normalized to the ODs of corresponding total protein 

levels. All data are presented as mean ± SE (n = 5-6 rats/subgroup) and were analyzed 
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using one-way analysis of variance (ANOVA). S-S, chronic saline (days 8-12) and 

saline challenge (day 13); S-C, chronic saline and cocaine challenge; E-S, chronic 

ethanol and saline challenge; E-C, chronic ethanol and cocaine challenge. *, 

significant difference compared to the S-S subgroup; #, significant difference between 

the S-C and E-C subgroups. 
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Figure 22. Behavioral sensitization after cocaine-ethanol cross-treatment. 

 

Effect of a challenge cocaine injection on locomotor activity of rats pretreated with 

saline or cocaine (15 mg/kg). Saline and cocaine were daily injection for 5 days. After 

fifth injections, each group was challenged with ethanol (0.5 g/kg) and locomotor 

activity was recorded for 30 minutes. All data are presented as mean ± SE (n = 5-6 

rats/subgroup). *, significant difference between the saline and cocaine groups; **, 

significant difference between acute and chronic cocaine groups. 
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Figure 23. The phosphorylation of AMPK signal pathway in the frontal cortex 

following cocaine-ethanol cross-treatment. 

 

The phosphorylation levels of AMPKα (A) and its upstream kinases CaMK4 (B), 

LKB1 (C), and TAK1 (D) in the frontal cortex induced by cocaine-ethanol cross 

administration. Data are expressed as relative optical densities (ODs) normalized to 

the ODs of the corresponding total protein levels. All data are presented as mean ± SE 
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(n = 5-6 rats/subgroup) and were analyzed with two-way analysis of variance 

(ANOVA). S-S, chronic saline (days 8-26) and saline challenge (day 27); S-E, 

chronic saline and ethanol challenge; C-S, chronic cocaine and saline challenge; C-E, 

chronic cocaine and ethanol challenge. *, significant difference compared to the S-S 

subgroup. 
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Figure 24. The phosphorylation levels of GSK3β-AKT and ERK1/2-MEK1/2 in 

the frontal cortex following cocaine-ethanol cross-treatment. 

 

The phosphorylation levels of GSK3β (A) and its upstream kinases AKT (B), ERK1/2 

(C) and its upstream MEK1/2 (D) in the frontal cortex induced by cocaine-ethanol 

cross administration. ODs were normalized to the ODs of corresponding total protein 

levels. All data are presented as mean ± SE (n = 5-6 rats/subgroup) and were analyzed 



７９ 

 

using two-way analysis of variance (ANOVA). S-S, chronic saline (days 8-26) and 

saline challenge (day 27); S-E, chronic saline and ethanol challenge; C-S, chronic 

cocaine and saline challenge; C-E, chronic cocaine and ethanol challenge. *, 

significant difference compared to the S-S subgroup. 
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Figure 25. The phosphorylation of AMPK signal pathway in the dorsal striatum 

following cocaine-ethanol cross-treatment. 

 

The phosphorylation levels of AMPKα (A) and its upstream kinases CaMK4 (B), 

LKB1 (C), and TAK1 (D) in the dorsal striatum induced by cocaine-ethanol cross 

administration. Data are expressed as relative optical densities (ODs) normalized to 

the ODs of the corresponding total protein levels. All data are presented as mean ± SE 
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(n = 5-6 rats/subgroup) and were analyzed with two-way analysis of variance 

(ANOVA). S-S, chronic saline (days 8-26) and saline challenge (day 27); S-E, 

chronic saline and ethanol challenge; C-S, chronic cocaine and saline challenge; C-E, 

chronic cocaine and ethanol challenge. *, significant difference compared to the S-S 

subgroup. 
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Figure 26. The phosphorylation levels of GSK3β-AKT and ERK1/2-MEK1/2 in 

the dorsal striatum following cocaine-ethanol cross-treatment. 

 

The phosphorylation levels of GSK3β (A) and its upstream kinases AKT (B), ERK1/2 

(C) and its upstream MEK1/2 (D) in the dorsal striatum induced by cocaine-ethanol 

cross administration. ODs were normalized to the ODs of corresponding total protein 

levels. All data are presented as mean ± SE (n = 5-6 rats/subgroup) and were analyzed 
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using two-way analysis of variance (ANOVA). S-S, chronic saline (days 8-26) and 

saline challenge (day 27); S-E, chronic saline and ethanol challenge; C-S, chronic 

cocaine and saline challenge; C-E, chronic cocaine and ethanol challenge. *, 

significant difference compared to the S-S subgroup. 
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국문 초록 

 

자극제의 약물을 반복 투여할 때 운동성이 점차 항진되어 나타나는 것을 

행동민감화라고 하며, 이는 약물 중독 및 정신병 모델의 역할을 한다. 본 

연구의 목표는 코카인과 에탄올에 의한 행동민감화에서 행동 및 단백질 

kinases의 활성에 주는 영향을 비교하는 것이다. 이 연구의 첫 부분에서는 

(1) 중추신경계 자극제 코카인에 의한 행동 및 단백질 인산화 효소 활성

의 변화를 관찰하고, (2) 이 과정에서 도파민 D1과 D2가 미치는 영향을 

알아보려 한다. 본 연구의 두 번째 부분에서는 (3) 다른 중독성 약물 및 

중추신경계 억제제인 에탄올도 행동민감화를 일으킬 수 있는지 알아보고, 

(4) 중독성 약물의 공통성 가설에 입각하여 두 중독성 약물이 교차민감화

를 일으키는지 연구하고자 했다. 그 밖에 단백질 인산화 효소의 활성도 관

찰하였다. 

 

코카인 반복 투여에 의한 민감화 상태에서 코카인에 대한 행동의 반응성은 

증가하였고 AMPK 인산화 활성의 변화는 민감화 상태에서 동반되었으며 

코카인의 추가적 처치는 이 변화를 더 항진시켰다. AMPK 상위 조절인자

인 LKB1과 CaMK4는 AMPK 활성의 변화와 일치하였다. AKT와 GSK3

β 활성은 민감화 상태에서만 변화하였고 반대로 ERK1/2와 MEK1/2 활

성은 코카인 급성 투여 할 때만 변화를 보였다. 전두엽에서 위의 모든 분
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자들의 효소 활성이 증가하였지만 선조체에서는 AMPK와 GSK3β 신호전

달계 활성은 감소하였고 반면 ERK1/2와 MEK1/2 활성은 증가하였다.  

 

SCH23390과 haloperidol은 급성 코카인의 운동 활성을 차단하였다. 코카

인의 영향은 전두엽에서 haloperidol에 의해 항진되고 SCH23390에 의해 

억제되며 선조체에서는 SCH23390에 의해 증진되고 haloperidol에 의해 

차단되는 반대 경향을 보이고 있다. 

 

에탄올에 의한 행동민감화는 고용량이 아닌 저용량에서 일어났고 민감화를 

일으키는 저용량의 에탄올을 급성 투여 시 행동변화는 없었지만 뉴런의 

활성을 평가하는 Egr-1 발현은 증가하였다. 에탄올에 의한 행동민감화 

상태에서 에탄올을 투여 했을 때 AMPK, LKB1, CaMK4, ATK/GSK3β와 

MEK1/2/ERK1/2의 인산화 활성은 전두엽에서 증가하였지만 

선조체에서는 감소하였다.  

 

코카인과 에탄올은 교차민감화를 일으킨다. 에탄올에 의한 행동민감화 

상태에서 행동 및 AMPK, 상위 조절인자인 LKB1과 CaMK4, 

AKT/GSK3β의 신호전달계는 코카인에 대한 반응성이 증가하였고 

MEK1/2/ERK1/2 신호전달계는 전두엽에서 증가하였지만 선조체에서는 

변화가 없었다. 코카인에 의한 행동민감화 상태에서 에탄올을 처치 했을 

때 운동성은 증가하였지만 AMPK, 상위조절인자인 LKB1과 CaMK4, 
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AKT/GSK3β 신호전달계는 두 부위에서 큰 변화는 없었고 

MEK1/2/ERK1/2 신호전달계는 전두엽에서만 항진되었다. 

 

종합해보면, 코카인에 의한 행동민감화 상태에서 행동 및 단백질 kinases 

활성은 코카인에 대한 반응성이 증가하였고, AMPK와 AKT/GSK 시스템

은 코카인에 의해 전두엽과 선조체에서 상반되게 변화를 보였고 이는 부위

에 따른 도파민 D1과 D2 수용체 활성의 차이에 의한 것임을 보여준다. 하

지만 ERK 활성은 직접적으로 도파민 수용체와 PKA 경로의 영향을 받는

다. 저용량의 에탄올은 행동민감화를 일으키지만 행동에 대한 급성 억제 

반응은 고용량에서 관찰되지 않았다. 코카인과 에탄올의 교차민감화가 관

찰되었고 이는 중독성 약물이 같은 경로를 거친다는 결론을 뒷받침 하였다. 

그러나 에탄올과 코카인의 민감화는 차이점이 있는데, 이는 중독의 공통경

로인 도파민계 뿐만 아니라 에탄올은 Glutamate-GABA 시스템에도 작용

될 것이라고 생각된다. 

 

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

주요어 : 코카인, 에탄올, 행동민감화, 교차민감화, AMPK, GSK, ERK 
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