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Abstract

Alcohol engages signaling pathways in the brain. Midkine (MDK) is a neurotrophic factor that is 

overexpressed in the prefrontal cortex of alcoholics. MDK and one of its receptors, anaplastic 

lymphoma kinase (ALK), also regulate behavioral responses to ethanol in mice. The goal of this 

study was to determine whether MDK and ALK expression and signaling are activated by ethanol. 

We found that ethanol treatment of neuroblastoma cells increased MDK and ALK expression. We 

also assessed activation of ALK by ethanol in cells and found that ALK and ALK-dependent 

extracellular signal-regulated kinase (ERK) and signal transducer and activator of transcription 3 

(STAT3) phosphorylation increased rapidly with ethanol exposure. Similarly, treatment of cells 

with recombinant MDK protein increased ALK, ERK and STAT3 phosphorylation, suggesting 

that ethanol may utilize MDK to activate ALK signaling. In support of this, transfection of cells 

with MDK siRNAs attenuated ALK signaling in response to ethanol. Ethanol also activates ERK 

signaling in the brain. We found that inhibition of ALK or knockout of MDK attenuated ethanol-

induced ERK phosphorylation in mouse amygdala. These results demonstrate that ethanol engages 

MDK and ALK signaling, which has important consequences for alcohol-induced neurotoxicity 

and the regulation of behaviors related to alcohol abuse.
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Introduction

Midkine (MDK) is a growth factor that regulates many biological processes including 

development, inflammation, cancer and tissue repair after injury (Kadomatsu et al. 2013). In 

the nervous system, MDK is expressed in the brain and spinal cord during development, 

promotes neurite outgrowth and acts as a neurotrophic factor (Maruta et al. 1993, 
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Muramatsu et al. 1993, Kikuchi et al. 1993, Michikawa et al. 1993). MDK protects neurons 

from injury and is upregulated after cerebral and retinal ischemia (Yoshida et al. 1995, 

Miyashiro et al. 1998, Mochizuki et al. 1998, Wada et al. 2002) and spinal cord injury 

(Muramoto et al. 2013). MDK expression in the brain is also responsive to toxic insult, for 

example after chronic exposure to drugs of abuse. Mdk expression increases in the 

hippocampus and ventral tegmental area of rats after chronic morphine exposure (Ezquerra 

et al. 2007, Garcia-Perez et al. 2014) and Mdk knockout (MdkKO) mice display more 

activated astrocytes in the striatum compared to wild-type mice after amphetamine exposure 

(Gramage et al. 2011). It has been hypothesized that MDK may protect against neuron 

damage and neurodegeneration caused by exposure to neurotoxic agents (Herradon & Perez-

Garcia 2014). In support of this, MDK expression is higher in the prefrontal cortex of human 

alcoholics compared to non-alcoholic control subjects (Flatscher-Bader et al. 2005, 

Flatscher-Bader & Wilce 2008, Flatscher-Bader & Wilce 2006), suggesting that MDK might 

be an ethanol-responsive gene. However, MDK expression is also elevated in the brains of 

ethanol-naïve mice genetically predisposed to consume high amounts of alcohol (Mulligan 

et al. 2006) and MdkKO mice exhibit altered sensitivity to ethanol-induced ataxia and the 

rewarding properties of ethanol (Vicente-Rodriguez et al. 2014). It is currently not known 

whether MDK modulates behavioral responses to ethanol due solely to a genetic 

predisposition or if MDK gene expression and MDK-dependent signaling pathways are 

regulated by ethanol exposure.

ALK is a tyrosine kinase receptor for MDK that also mediates behavioral responses to drugs 

of abuse (Lasek et al. 2011a, Lasek et al. 2011b). Alk knockout mice are slower to recover 

from sedating doses of ethanol and drink more ethanol in a binge drinking test compared to 

wild-type mice (Lasek et al. 2011b). Regulation of Alk gene expression and signaling in 

response to ethanol has not been examined. Given that Mdk and Alk knockout mice show 

altered behavioral responses to ethanol, it is feasible that ALK and MDK coordinately 

regulate ethanol sensitivity. In neuronal cells, MDK activates the mitogen-activated protein 

kinase/extracellular signal-regulated kinase (MAPK/ERK) and phosphoinositide 3-kinase/

protein kinase B (PI3K/AKT) pathways to promote cell survival and proliferation (Lorente 

et al. 2011, Owada et al. 1999a, Owada et al. 1999b, Stoica et al. 2002). ALK also activates 

the MAPK/ERK (Gouzi et al. 2005, Kuo et al. 2007, Moog-Lutz et al. 2005, Motegi et al. 

2004, Souttou et al. 2001), PI3K/AKT (Galkin et al. 2007, Gouzi et al. 2005, Stoica et al. 

2002) and signal transducer and activator of transcription 3 (STAT3) signaling pathways 

(Sattu et al. 2013, Moog-Lutz et al. 2005). Activation of ALK by MDK is important for the 

proliferation of sympathetic neurons (Reiff et al. 2011) and resistance of glioma cells to cell 

death by cannabinoids (Lorente et al. 2011).

Ethanol also activates MAPK/ERK (Ibba et al. 2009, Sanna et al. 2002, Spanos et al. 2012, 

Thorsell et al. 2013, Zhu et al. 2013), PI3K/AKT (Neasta et al. 2011) and STAT3 (Bachtell 

et al. 2002) signaling in the mammalian brain. Activation of these signaling pathways alters 

behavioral responses to ethanol. For instance, several members of the MAPK/ERK pathway 

are overexpressed in high ethanol-preferring mice and inhibition of MAPK signaling alters 

ethanol self-administration and binge-like drinking in mice (Faccidomo et al. 2009, Agoglia 

et al. 2015). Knockout of Rasgrf2, which regulates Ca2+-dependent activation of the 
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MAPK/ERK pathway, decreases ethanol consumption in mice (Mulligan et al. 2011, Stacey 

et al. 2012). We hypothesize that ethanol-induced activation of the MAPK/ERK, PI3K/AKT 

or STAT3 pathways involves MDK and ALK. Activation of MDK and ALK signaling 

might be an adaptive neuroprotective response and/or a mechanism through which ethanol 

elicits its behavioral effects.

Here, we present evidence that MDK and ALK are ethanol-responsive. We employed the 

neuroblastoma cell lines SH-SY5Y and IMR-32. SH-SY5Y cells express ALK and MDK 

and differentiate into dopamine-like neurons when treated with retinoic acid (Korecka et al. 

2013, Nakagawara et al. 1995, Stoica et al. 2002). IMR-32 cells express full-length, wild-

type ALK and thus provide a useful model for examining ALK signaling (Janoueix-Lerosey 

et al. 2008). To extend these studies to an in vivo system, we examined phosphorylation of 

ERK in response to ethanol in the mouse amygdala in the presence and absence of the ALK 

inhibitor TAE684 (Galkin et al. 2007) and in MdkKO mice. Our results provide the first 

demonstration that ethanol alters ALK and MDK signaling pathways.

Materials and methods

Materials

Antibodies to phosphorylated ALK (pALK, Tyr 1278, #6941), ERK1/2 (#9102), 

phosphorylated ERK1/2 (pERK, Thr 202/Tyr 204, #4370), STAT3 (#12640), and 

phosphorylated STAT3 (pSTAT3, Tyr 705, #9145) were purchased from Cell Signaling 

Technology (Danvers, MA, USA). The polyclonal rabbit antibody to ALK was purchased 

from Life Technologies (Carlsbad, CA, USA, #51-3900). β-actin antibody was purchased 

from Sigma-Aldrich (St. Louis, MO, USA, clone AC-15, #A5441). Antibodies to AKT 

(sc-8312) and phosphorylated AKT (pAKT, sc-7985-R) were from Santa Cruz 

Biotechnology (Dallas, TX, USA). MDK antibody was purchased from Abcam (ab36038, 

Cambridge, UK). Horseradish peroxidase (HRP)-conjugated anti-rabbit and mouse 

secondary antibodies were purchased from Bio-Rad (Des Plaines, IL, USA). TAE684 was 

purchased from Selleck Chemicals (Houston, TX, USA) and recombinant MDK protein was 

purchased from R&D systems (Minneapolis, MN, USA). siGENOME MDK siRNAs 

(D003677-02 and D003677-03) and a control siRNA (D-001206-13-05) were purchased 

from GE Healthcare (Dharmacon RNAi, Lafayette, CO, USA).

Cell culture

The human neuroblastoma cell lines SH-SY5Y and IMR-32 were purchased from American 

Type Culture Collection (ATCC, Manassas, VA, USA) and were incubated at 37°C in 5% 

CO2. SH-SY5Y cells were cultured in a 1:1 mixture of Eagle’s Minimum Essential Medium 

(EMEM) and F12 medium containing 10% FBS. SH-SY5Y cells were differentiated into 

dopamine-like neurons using retinoic acid by culturing in Neurobasal medium containing 

B27 supplement and GlutaMAX (Life Technologies) and treating for 3 days with 10 μM all-

trans retinoic acid (Sigma-Aldrich). Just before ethanol treatment, medium was changed to 

1:1 mixture of EMEM and F12 medium. IMR-32 cells were cultured in EMEM containing 

10% FBS. For treatment of IMR-32 cells with ethanol and TAE684, cells were cultured to 

90% confluence and starved in serum-free medium for 3 h. Cells were treated with 100 nM 
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TAE684 for 30 min prior to 100 mM ethanol treatment. The IC50 of TAE684 on cell lines 

expressing oncogenic ALK is 4 nM and concentrations of TAE684 > 50 nM have been 

shown to completely inhibit ALK-dependent ERK and STAT3 phosphorylation in tumor 

cell lines (Galkin et al. 2007). For treatment of IMR-32 cells with recombinant MDK protein 

and TAE684, cells were cultured to 90% confluence and starved in serum free EMEM 

medium for 3 h. TAE684 (100 nM) was added 30 min prior to addition of 100 ng/mL 

recombinant MDK.

RNA isolation and quantitative real-time PCR (qPCR)

Total RNA was isolated from IMR-32 and SH-SY5Y cells using the GeneJet RNA 

Purification Kit (Thermo Scientific, Waltham, MA, USA) according to the manufacturer’s 

instructions. RNA was reverse transcribed using the Maxima First Strand cDNA Synthesis 

Kit for RT-PCR (Thermo Scientific) and qPCR performed using Maxima qPCR Master Mix. 

Sequences of primers were as follows: ALK forward primer: 5′-

GTGCCATGCTGCCAGTTAAG-3′, ALK reverse primer: 5′-

TGGTTGCTTTTGCTGGGGTA-3′; MDK forward primer: 5′-

AAGGAGTTTGGAGCCGACTG-3, MDK reverse primer: 5-

CATTGTAGCGCGCCTTCTTC-3′. Amplification of GAPDH was used as a normalization 

control for total RNA input. Relative expression of ALK and MDK were determined using 

the dCq method.

Western blots

IMR-32 cells were lysed in 20 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1 mM EDTA, 1 mM 

EGTA, 1% Triton X-100, 2.5 mM sodium pyrophosphate, 1 mM β-glycerophosphate, 1 mM 

Na3VO4, 1 μg/ml leupeptin, 1 μg/ml aprotinin, and EDTA-free Complete Protease Inhibitor 

Cocktail tablets (Roche Diagnostics, Indianapolis, IN, USA). Lysate protein concentration 

was determined using the BCA Protein Assay Kit (Pierce, Rockford, IL, USA) and equal 

amounts of protein (20 μg) were subjected to SDS-PAGE and transferred to PVDF 

membranes. Primary antibodies were diluted in 5% BSA in TBST (25 mM Tris-HCl, pH 

7.4, 137 mM NaCl, and 0.1% Tween 20). Secondary antibodies were HRP-conjugated goat 

anti-mouse or anti-rabbit IgG. The membranes were developed with ECL detection reagents 

(Pierce). Films were scanned and densitometry performed using ImageJ software.

MDK siRNA transfections

IMR-32 cells grown to 60% confluence in 6-well plates were transfected using 

Lipofectamine 2000 (Life Technologies) with 50 nM of control siRNA or MDK siRNA in 

Opti-MEM medium. Five h after transfection, 2 ml of fresh complete MEM medium 

containing 10% FBS was added. The cells were cultured for additional 72 h and analyzed 

for protein expression by Western blotting. Ethanol (100 mM) was added to media 5 min 

before processing lysates.

Mice

Male C57BL/6J mice (8 weeks old, 20-30 grams) were purchased from the Jackson 

Laboratory (Bar Harbor, ME, USA). MdkKO mice have been described previously 
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(Nakamura et al. 1998). MdkKO mice were re-derived from frozen embryos at the University 

of Illinois at Chicago (UIC) Transgenic Production Service and heterozygotes were bred in-

house for experiments. Male and female MdkKO mice were group-housed with same sex 

littermates. All mice were kept in a temperature- and humidity-controlled room on a 14 hour 

light/dark cycle with lights on at 6 a.m. and off at 8 p.m. Food and water were available ad 

libitum. All procedures with mice were conducted according to the National Institutes of 

Health Guide for the Care and Use of Laboratory Animals and approved by the UIC Animal 

Care and Use Committee. All efforts were taken to minimize pain and discomfort.

Ethanol administration and immunohistochemistry

Naïve mice were randomized and treated with 3 g/kg ethanol or saline (10 ml/kg) 

intraperitoneally in their home cages. For TAE684 experiments, mice were treated 5 hours 

prior to ethanol or saline administration by oral gavage with vehicle (90% PEG 300, 10% 1-

methyl-2-pyrrolidinone) or 10 mg/kg TAE684 in vehicle in a volume of approximately 0.1 

mL. This dose of TAE684 is effective in reducing ALK-dependent lymphomas in mice 

without causing toxicity (Galkin et al. 2007). Mice were euthanized 30 min after ethanol or 

saline administration using pentobarbital followed by transcardial perfusion with PBS and 

4% paraformaldehyde. Brains fixed overnight in 4% paraformaldehyde. After incubation 

overnight in 30% sucrose in PBS, 40 μm coronal sections were cut and treated with 0.25% 

Triton X-100 for 30 min, blocked in 3% BSA and then incubated with pERK antibody. 

Sections were incubated with biotin-conjugated goat anti-rabbit secondary antibody and 

developed using the Vectastain ABC kit (Vector Laboratories, Burlingame, CA, USA). 

Images were acquired using a Zeiss AxioScope.A1 microscope fitted with a 5 megapixel 

AxioCam ERc 5s color camera using a 10x objective lens and ZenLite image acquisition 

and archiving software (Carl Zeiss, Thornwood, NY, USA). Images from 2-3 sections from 

the amygdala of each mouse were acquired for quantification and 3-6 mice were treated in 

each group (4 groups per experiment). ImageJ software was used for analysis of staining 

density in the amygdala.

Statistical analysis

For all experiments, analysis was done using GraphPad Prism software (San Diego, CA, 

USA) and based on the combined data from 3 independent experiments done in triplicate. 

qPCR data was analyzed using a 1 way ANOVA followed by Bonferroni’s multiple 

comparisons test. Western blotting data and pERK intensity in the central nucleus of the 

amygdala (CeA) were analyzed using 2 way repeated measures (RM) or regular 2 way 

ANOVA followed by Holm-Sidak’s multiple comparisons test.

Results

Ethanol increases MDK expression in neuroblastoma cells

To determine if MDK gene expression is altered by ethanol, SH-SY5Y and IMR-32 cells 

were treated with 20, 50 or 100 mM ethanol for 4 h and analyzed for MDK expression by 

qPCR. Fig. 1a shows that MDK expression increased by 14% after 20 and 50 mM ethanol 

and by 28% after 100 mM ethanol treatment in SH-SY5Y cells (1 way ANOVA: F(3,32) = 

9.92, p < 0.0001). Bonferroni’s multiple comparisons test indicated that the increase in MDK 
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expression was significant at all three concentrations of ethanol when compared to the 

untreated control (20 mM, p = 0.041; 50 mM, p = 0.035; 100 mM, p < 0.0001). In IMR-32 

cells, MDK expression also increased with ethanol treatment (Fig. 1e, 1 way ANOVA: 

F(3,20) = 6.07, p = 0.004), but the effect was only significant at 100 mM ethanol (a 21% 

increase, p = 0.002). MDK expression was also examined at various time points (1-6 h) after 

100 mM ethanol treatment. MDK expression significantly increased after ethanol treatment 

in SH-SY5Y (Fig. 1b, 1 way ANOVA: F(4,10) = 6.06, p = 0.0096) and IMR-32 cells (Fig. 1f, 

1 way ANOVA: F(3,8) = 11.7, p = 0.0027). In SH-SY5Y cells, MDK expression increased 

by 33% at 4 and 6 h compared to the 0 h time point (4 h, p = 0.009; 6 h, p = 0.011) and in 

IMR-32 cells, MDK expression increased by 12%, 16%, and 22% at 2, 4 and 6 h, 

respectively, compared to the 0 h time point (2 h, p = 0.036; 4 h, p = 0.008; 6 h, p = 0.0014). 

We also found that the change in MDK gene expression corresponds with an increase in 

MDK protein levels. SH-SY5Y and IMR-32 cells were treated with 100 mM ethanol for 1-6 

h and MDK protein was analyzed by Western blotting (Fig. 1c, g). Quantification of the 

Western blots indicated that MDK protein levels were significantly elevated after ethanol 

treatment in SH-SY5Y (Fig. 1d, 1 way ANOVA: F(4,10) = 6.3, p = 0.0085) and IMR-32 cells 

(Fig. 1h, 1 way ANOVA: F(3,8) = 11.54, p = 0.0028). In SH-SY5Y cells, ethanol treatment 

increased MDK protein levels by 46% and 58% at 2 and 4 h, respectively (2 h, p = 0.025; 4 

h, p = 0.0058). By 6 h, MDK protein levels were still elevated by 18% above the 0 h time 

point, but this increase was not significant. In IMR-32 cells, ethanol treatment led to a 

significant increase in MDK protein of 142% at 4 h and 92% at 6h (4 h, p = 0.0012; 6 h, p = 

0.017). Together, these data indicate that MDK expression increases with ethanol treatment 

in 2 neuroblastoma cell lines.

Ethanol increases ALK expression in neuroblastoma cells

We next tested if ALK gene and protein expression are altered by ethanol treatment. In SH-

SY5Y and IMR-32 cells, 4 h of ethanol treatment at 20, 50 and 100 mM increased ALK 

mRNA expression as measured by qPCR (SH-SY5Y, Fig. 2a, 1 way ANOVA: F(3,32) = 

10.24, p < 0.0001; IMR-32, Fig. 2e, 1 way ANOVA: F(3,20) = 8.08, p = 0.001). Ethanol 

significantly increased ALK expression in SH-SY5Y cells by 19% at 20 mM, 20% at 50 mM 

and 32% at 100 mM compared to the untreated control (20 mM, p = 0.011; 50 mM, p = 

0.0054; 100 mM, p < 0.0001). In IMR-32 cells, 100 mM ethanol significantly increased 

ALK transcription by 23% (p = 0.0015). Figs. 2b, f show that 100 mM ethanol treatment 

over time resulted in significantly elevated ALK mRNA levels in both SH-SY5Y and 

IMR-32 cells (SH-SY5Y, 1 way ANOVA: F(4,10) = 6.92, p = 0.0062; IMR-32, 1 way 

ANOVA: F(3,8) = 8.79, p = 0.0065). Ethanol increased ALK mRNA by approximately 35% 

after 4 h and 30% after 6 h in both SH-SY5Y and IMR-32 cells (SH-SY5Y, 4 h, p = 0.0048, 

6 h, p = 0.014; IMR-32, 4 h, p = 0.0043, 6 h, p = 0.025). Similar to the increase in ALK gene 

expression, we also found that ALK protein levels were elevated after ethanol treatment in 

SH-SY5Y and IMR-32 cells (Figs. 2c and g). The increase in ALK protein was observed for 

the full-length ALK protein (molecular weight, 220 kDa) and for truncated 140 kDa ALK 

(Moog-Lutz et al. 2005). Quantification of ALK Western blots from ethanol-treated SH-

SY5Y and IMR-32 cells are shown in Figs. 2d, h. A 2 way RM ANOVA comparing 

expression of each ALK variant over time showed a significant effect of time, but no 

difference between the two ALK variants or a variant by time interaction in SH-SY5Y cells 
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(effect of time, F(3,6) = 12.01, p = 0.0060). There was a significant increase in ALK 220 at 4 

h (33% increase, p = 0.041). Similar results were obtained in IMR-32 cells treated with 

ethanol (Fig. 2h, effect of time, F(3,12) = 16.04, p = 0.0002). There were significant increases 

in ALK 220 and 140 at 2 h (ALK 220, 33% increase, p = 0.012; ALK 140, 36% increase, p 

= 0.01) and 4 h (ALK 220, 50% increase, p = 0.0006; ALK 140, 28% increase, p = 0.042). 

These results indicate that transcription and subsequent ALK protein expression are 

increased by ethanol treatment in SH-SY5Y and IMR-32 neuroblastoma cells.

Ethanol activates ALK signaling in IMR-32 cells

To determine if ethanol rapidly activates ALK signaling, we treated IMR-32 cells with 100 

mM ethanol for 5-30 min and examined pALK, pERK, pSTAT3 and pAKT in the presence 

and absence of the ALK inhibitor, TAE684. The Western blots shown in Fig. 3 demonstrate 

that treating IMR-32 cells with ethanol caused a rapid increase in the phosphorylation of two 

isoforms of ALK (the 220 and 140 kDa proteins (Moog-Lutz et al. 2005)), ERK and 

STAT3. Increased phosphorylation was evident after 5 and 15 min of ethanol exposure and 

returned to baseline levels after 30 min. Enhanced phosphorylation of all 3 proteins was 

blocked by pre-treatment with 100 nM TAE684. pAKT did not change with ethanol 

treatment (Figs. 3a and e). Quantification of the Western blots indicates that pALK 220 and 

140 were significantly elevated after ethanol treatment (Fig. 3b, 2 way RM ANOVA: effect 

of time, F(7,28) = 30.3, p < 0.0001; effect of ALK variant, F(1,4) = 79.3, p = 0.0009; time by 

variant interaction, F(7,28) = 7.37, p < 0.0001). pALK 220 increased by 41% after 5 min (p = 

0.05) of ethanol treatment, and pALK 140 increased by 51% after 5 min (p = 0.003) and 

44% after 15 min (p = 0.0098) of ethanol treatment. In addition, TAE684 pre-treatment 

completely blocked the increase in pALK 220 and 140 when compared to the DMSO 

control within each time point (5 min: pALK 220, p = 0.0032; pALK 140, p < 0.0001; 15 

min: pALK 140, p < 0.0001). We also found that baseline pALK 140, but not 220, was 

significantly reduced by 56% after pre-treatment with TAE684 in the absence of ethanol (p 

= 0.001).

pERK was significantly increased by ethanol treatment. This effect was blocked by pre-

treatment with TAE684 (Fig. 3c, 2 way RM ANOVA: effect of time, F(3,12) = 14.41, p = 

0.0003; effect of TAE684, F(1,4) = 28.34, p = 0.006; time by TAE684 interaction, F(3,1) = 

13.02, p = 0.0004). Post hoc tests indicated that ethanol significantly increased ALK-

dependent pERK by 71% after 5 min (p < 0.0001). Ethanol also significantly enhanced 

ALK-dependent pSTAT3 (Fig. 3d, 2 way RM ANOVA: effect of time, F(3,12) = 7.096, p = 

0.0053; effect of TAE684, F(1,4) = 32.9, p = 0.0046; time by TAE684 interaction, F(3,12) = 

1.71, p = 0.218). Post hoc Holm-Sidak’s multiple comparisons test indicated that ethanol 

significantly increased pSTAT3 by 38% at 5 min (p = 0.0125). Interestingly, TAE684 pre-

treatment reduced baseline pSTAT3 by 37% in the absence of ethanol (p = 0.0088). 

Together, these results indicate that ethanol rapidly activates ALK signaling through the 

ERK and STAT3 pathways in a neuronal cell line.

MDK activates ALK signaling in IMR-32 cells

To determine if MDK activates ALK signaling pathways in IMR-32 cells, recombinant 

MDK protein was added to IMR-32 culture medium in the presence and absence of 
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TAE684. pALK, pERK, pSTAT3 and pAKT were analyzed by Western blotting. MDK 

treatment of IMR-32 cells increased pALK, pERK and pSTAT3, but not pAKT, within 5 

min (Fig. 4a). The effect of MDK on IMR-32 signaling was blocked by TAE684, suggesting 

that MDK acts through ALK to activate the ERK and STAT3 pathways. The graphs in Figs. 

4b–e are results from the quantification of the Western blots. There was a significant effect 

of MDK on pALK 220 and 140 (Fig. 4b, 2 way RM ANOVA: effect of time, F(5,20) = 54.3, 

p < 0.0001; effect of ALK variant, F(1,4) = 77.92, p = 0.0009; time by variant interaction, 

F(5,20) = 13.58, p < 0.0001). pALK 220 significantly increased by 44% after 5 min (p = 

0.0079) and by 60% after 15 min (p = 0.0004) of MDK treatment. pALK 140 significantly 

increased by 39% after 15 min of MDK treatment (p = 0.017). As in Fig. 3b, we observed a 

significant reduction in baseline pALK 140 after pre-treatment with TAE684 (Fig. 4b, 90% 

reduction, p < 0.0001).

Quantification of the ERK Western blots indicated that pERK was significantly increased by 

MDK treatment and blocked by pre-treatment with TAE684 (Fig. 4c, 2 way RM ANOVA: 

effect of time: F(2,8) = 58.7, p < 0.0001; effect of TAE684, F(1,4) = 782.4, p < 0.0001; time 

by TAE684 interaction, F(2,8) = 44.7, p < 0.0001). pERK significantly increased by 106% 

after 5 min (p < 0.0001) and by 58% after 15 min (p = 0.0001) of exposure to MDK. In 

addition, TAE684 reduced baseline pERK by approximately 70% (p < 0.0001). pSTAT3 

was also significantly increased by MDK treatment in an ALK-dependent manner (Fig. 4d, 2 

way RM ANOVA: effect of time: F(2,8) = 13.5, p = 0.0027; effect of TAE684, F(1,4) = 

97.32, p = 0.0006; time by TAE684 interaction: F(2,8) = 13.54, p = 0.0027). MDK treatment 

significantly increased pSTAT3 by 36% after 5 min (p = 0.0089). Similar to what we 

observed in Fig. 3d, baseline pSTAT3 was significantly reduced by TAE684 pre-treatment 

(Fig. 4d, 65% reduction, p < 0.0001). These results indicate that MDK activates ERK and 

STAT3 signaling through ALK in IMR-32 cells.

Activation of ALK signaling by ethanol is dependent on MDK expression

To determine if activation of ALK signaling in response to ethanol is dependent on MDK 

expression, we transfected MDK siRNAs into IMR-32 cells and examined the effect of 

ethanol on pALK, pERK, pSTAT3 and pAKT by Western blotting. As shown in Fig. 5a, 

two independent MDK siRNAs were effective in reducing MDK protein expression. Ethanol 

increased pALK 220 and 140, pERK, and pSTAT3, and this increase was reduced in cells 

that were transfected with MDK siRNAs. As we observed previously, there was no effect of 

ethanol on pAKT (Fig. 5a and f). Quantification of the Western blots is shown in Fig. 5b-f. 

Both of the MDK siRNAs (siMDK2 and siMDK3) significantly reduced MDK expression by 

approximately 50% (Fig. 5b, 2 way ANOVA: effect of siRNA, F(2,6) = 126.0, p < 0.0001; 

effect of ethanol, F(1,6) = 2.49, p = 0.166; siRNA by ethanol interaction, F(2,6) = 11.87, p = 

0.0082). For siMDK2, there was no effect of ethanol on MDK expression. However, ethanol 

significantly reduced MDK expression in siMDK3-transfected cells by 23% (p = 0.010).

Ethanol significantly increased pALK220 and 140 (Fig. 5c, 2 way ANOVA: effect of 

ethanol, F(5,24) = 27.35, p < 0.0001; effect of ALK variant, F(1,24) = 2.28, p = 0.144; ethanol 

by ALK variant interaction, F(5,24) = 0.587, p = 0.710). In cells transfected with control 

siRNA (siCTL), pALK 220 increased by 59% (p < 0.0001) and pALK 140 increased by 76% 
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(p < 0.0001) after ethanol treatment. Increased pALK in response to ethanol was abolished 

in cells transfected with either siMDK2 or siMDK3. Ethanol significantly increased pERK in 

IMR-32 cells transfected with a control siRNA and this effect was reduced in cells 

transfected with siMDK2 and siMDK3 (Fig. 5d, 2 way ANOVA: effect of ethanol, F(1,12) = 

51.87, p < 0.0001; effect of siRNA, F(2,12) = 4.30, p = 0.039; ethanol by siRNA interaction, 

F(2,12) = 6.50, p = 0.012). IMR-32 cells transfected with the control siRNA showed a 59% 

increase in pERK in response to ethanol (p < 0.0001), and this increase was reduced by half 

in cells transfected with siMDK2 (p = 0.017) and siMDK3 (p = 0.035). Finally, ethanol 

increased pSTAT3 in IMR-32 cells transfected with the control siRNA (Fig. 5e, 2 way 

ANOVA: effect of ethanol, F(1,12) = 46.16, p < 0.0001; effect of siRNA, F(2,12) = 4.18, p = 

0.042; ethanol by siRNA interaction, F(1,12) = 6.79, p = 0.011). pSTAT3 increased by 67% 

in cells transfected with siCTL (p < 0.0001) and this increase was reduced by half in cells 

expressing siMDK2 (p = 0.025) and siMDK3 (p = 0.015). Together, these results indicate 

that the ethanol-induced activation of ALK, ERK and STAT3 depends on MDK expression 

in IMR-32 cells.

ALK inhibition attenuates the ethanol-stimulated increase in pERK in the amygdala

Administration of ethanol to mice increases pERK in the CeA (Spanos et al. 2012). To 

determine if ALK regulates ERK activation in response to ethanol in the amygdala, we 

treated male mice with vehicle or the ALK inhibitor TAE684. We found that ethanol 

increased pERK in the CeA of vehicle-treated mice and that this increase was attenuated in 

mice treated with TAE684 (Fig. 6a-d). Quantification of the intensity of pERK antibody 

staining in the CeA indicated that pERK increased by 160% in mice treated with ethanol 

when compared to mice treated with saline. Mice treated with TAE684 prior to ethanol 

showed a blunted ethanol response of 68%, representing a 35% reduction in pERK in 

response to ethanol (Fig. 6e). A 2 way ANOVA indicated significant main effects of ethanol 

and TAE684 and a trend towards an interaction between ethanol and TAE684 (effect of 

ethanol, F(1,68) = 54.4, p < 0.0001; effect of TAE684, F(1, 68) = 11.93, p = 0.001; ethanol by 

TAE684 interaction, F(1,68) = 3.34, p = 0.072). Similar results were obtained with a 2 g/kg 

ethanol injection, although changes were not significant. pERK increased by 72% in mice 

treated with 2 g/kg ethanol compared to saline (Fig. 6f, p = 0.058) and pERK decreased by 

25% in mice treated with TAE684 compared to vehicle-treated mice (Fig. 6g, p = 0.16). 

These results suggest that ALK activity contributes to increased pERK in the CeA in 

response to ethanol.

Reduced pERK in the amygdala of MdkKO mice treated with ethanol

We next tested if MDK is involved in the increase in pERK in response to ethanol using 

male and female MdkKO mice. As shown in Fig. 7a–d, pERK increased in the CeA of wild-

type female mice treated with ethanol. The increase in pERK staining in response to ethanol 

was reduced in female MdkKO mice. Quantification of pERK immunostaining (Fig. 7e) 

demonstrated a 286% increase in pERK in female wild-type mice treated with ethanol 

compared to saline. In female MdkKO mice, ethanol treatment resulted in a 108% increase in 

pERK, representing a 47% reduction in ethanol response when compared to wild-type mice. 

A 2 way ANOVA indicated a significant main effect of ethanol treatment, a trend towards a 

main effect of genotype, and a significant ethanol by genotype interaction (effect of ethanol, 
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F(1, 41) = 16.93, p = 0.0002; effect of genotype, F(1,41) = 3.15, p = 0.084; ethanol by 

genotype interaction, F(1,41) = 4.28, p = 0.045). Interestingly, the attenuation of pERK in 

response to ethanol was only observed in female, but not male (data not shown), MdkKO 

mice. These results suggest that MDK contributes to the activation of ERK in the CeA in 

response to ethanol in female mice.

Discussion

We provide the first direct evidence that ethanol alters the expression of MDK and ALK and 

rapidly activates MDK and ALK signaling pathways in cultured neuroblastoma cells and in 

the brain. Treating SH-SY5Y and IMR-32 neuroblastoma cells with ethanol increased the 

transcription of MDK and ALK within 4 h. The effect of ethanol on ALK and MDK 

expression was observed in dopamine-like, differentiated SH-SY5Y (Figs. 1 and 2) and in 

undifferentiated SH-SY5Y cells (data not shown). We have also observed that ethanol 

exposure increases the expression of mouse Mdk in Neuro-2a cells and in primary striatal 

neurons (D.H. and A.W.L., unpublished results). Thus, at least in the case of MDK, ethanol 

exposure increases the expression of this gene in several neuronal cell types. The doses of 

ethanol used in our studies represent blood alcohol concentrations ranging from 0.09% (20 

mM, intoxicating) to 0.46% (100 mM, sedating). We found that SH-SY5Y cells appear to be 

more sensitive to the effects of ethanol compared to IMR-32 cells. Low to moderate 

concentrations of ethanol (20 and 50 mM) were able to increase MDK and ALK transcription 

in dopamine-like SH-SY5Y cells, whereas 100 mM ethanol was required to increase the 

expression of these genes in IMR-32 cells. These results suggest that certain types of 

neurons, such as dopamine neurons, may be more sensitive to the effects of ethanol in 

activating MDK and ALK transcription. The mechanisms by which ethanol alters the 

transcription of MDK and ALK are currently unknown and remain an important area for 

investigation. It would also be beneficial to know if repeated or chronic exposure to ethanol 

causes MDK and ALK protein levels to be persistently elevated.

MDK mRNA and protein levels were previously found to be higher in the prefrontal cortex 

of alcoholics compared to non-alcoholic control subjects (Flatscher-Bader et al. 2005, 

Flatscher-Bader & Wilce 2006, Flatscher-Bader & Wilce 2008). In those studies it was not 

feasible to determine if levels of MDK are higher in alcoholics due to an inherent genetic 

predisposition or as a result of chronic alcohol consumption, since they were performed in 

post-mortem human brain. Gene expression microarray data from ethanol-naïve mice 

selectively bred to consume high amounts of alcohol indicate that Mdk expression is higher 

in the brains of these mice (Mulligan et al. 2006). This suggests that increased MDK levels 

in the brain might predispose individuals to consume excessive amounts of alcohol. Our data 

also provide evidence that MDK expression increases with ethanol treatment, indicating that 

MDK may be both a predisposing gene for alcohol abuse and responsive to alcohol 

exposure. Because MDK is upregulated following tissue injury, it is not entirely surprising 

that alcohol also increases MDK expression. Here, we found that MDK expression is 

induced by ethanol exposure in neuronal cells. This is in contrast to what was observed in 

the prefrontal cortex of alcoholics, where MDK expression was induced in astrocytes 

(Flatscher-Bader & Wilce 2008). In addition, MDK is highly expressed in astrocytes after 

ischemia in human and rat brain (Mochizuki et al. 1998, Wada et al. 2002). The reason for 
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this discrepancy is unknown. One possibility is that the increase in MDK expression in 

neuroblastoma cultures is due to the partially differentiated state of the cells. Another 

possibility is that acute versus chronic ethanol exposure may differentially affect neurons vs 

astrocytes. Acute ethanol may have an immediate and transient impact on MDK expression 

in neurons, whereas chronic alcohol exposure may induce MDK in astrocytes in response to 

brain injury.

In addition to finding that ethanol increases MDK and ALK expression, we discovered that 

ethanol has a rapid effect on ALK signaling, which is likely independent of the 

transcriptional effect. Ethanol activated ALK signaling in IMR-32 cells, which express wild-

type ALK. pALK (220 and 140 kDa variants) increased after 5 min of ethanol treatment, 

remained elevated at 15 min and normalized by 30 min. The increase in pALK was blocked 

by pre-treatment with the ALK inhibitor, TAE684. TAE684 decreased baseline pALK 140 

but not 220, raising the intriguing possibility that ALK 140 might be a constitutively active 

form of ALK. Moog-Lutz et al demonstrated that the 140 kDa form of ALK results from 

cleavage of the full-length 220 kDa ALK protein in the extracellular domain, resulting in a 

truncated version of ALK that expresses part of the extracellular domain and the full 

transmembrane and kinase domains (Moog-Lutz et al. 2005). To our knowledge, our results 

provide the first evidence that ALK 140 may be a constitutively active kinase. In concert 

with increased pALK in response to ethanol treatment, we also observed increased pERK 

and pSTAT3, which were blocked by pre-treatment with TAE684, indicating that ethanol 

activates ERK and STAT3 signaling through ALK. Wild-type ALK has been previously 

shown to activate ERK and STAT3 signaling in response to agonist antibody treatment with 

similar kinetics to what we observed upon ethanol treatment (Moog-Lutz et al. 2005, Sattu 

et al. 2013). ALK-dependent neurite outgrowth in PC12 and SK-N-SH neuroblastoma cells 

requires ERK signaling (Souttou et al. 2001, Motegi et al. 2004) and activation of STAT3 by 

ALK appears to be important for increasing MYCN expression and neuroblastoma 

proliferation (Sattu et al. 2013). In contrast to ERK and STAT3, we did not observe any 

changes in pAKT upon ethanol treatment, indicating specificity in the activation of ALK 

signaling by ethanol in IMR-32 cells. Although ALK activates AKT, it does so as an 

oncogenic protein, when artificially localized to the cytoplasm and when overexpressed, 

suggesting that activation of AKT may not occur through wild-type ALK in neurons (Gouzi 

et al. 2005, Palmer et al. 2009, Kuo et al. 2007). The mechanisms by which ethanol activates 

ALK signaling are not known. Ethanol might directly activate ALK through an effect on 

cellular membranes and dimerization of the receptor. However, our results suggest that 

MDK may act as an intermediary in the process.

We found that ethanol increases pERK in IMR-32 cells. Others have found that ethanol 

treatment can either increase or decrease pERK in vitro (Kalluri & Ticku 2003, Roivainen et 

al. 1995, Seiler et al. 2001). For instance, acute ethanol treatment decreases pERK in 

cultured cortical neurons and in SH-SY5Y cells (Kalluri & Ticku 2003, Seiler et al. 2001), 

whereas chronic ethanol treatment increases pERK in cortical neurons and PC-12 cells 

(Kalluri & Ticku 2003, Roivainen et al. 1995). These data indicate that acute vs. chronic 

ethanol treatment differentially affects signaling in these cells. However, acute ethanol 

treatment in vivo can also increase or decrease pERK, depending on the brain region 
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(Spanos et al. 2012, Zhu et al. 2013). We propose that the response to ethanol with regard to 

activation of ERK signaling is dependent on both cell type and treatment regimen.

We found that MDK activates ALK signaling in IMR-32 cells in a manner similar to 

ethanol. Treatment of IMR-32 cells with recombinant MDK protein resulted in increased 

pALK, pERK and pSTAT3 within 5 min. Activation of these signaling pathways was ALK-

dependent, since effects were blocked by pre-treatment with TAE684. We also found that 

TAE684 reduced baseline pERK and pSTAT3, suggesting that there is some level of ALK-

depending signaling that occurs under quiescent conditions. This may be due to constitutive 

signaling by ALK 140, since baseline phosphorylation of this ALK variant was also reduced 

by TAE684 treatment. Cleavage of ALK to the 140 kDa form releases an 80 kDa 

extracellular fragment and is predicted to eliminate MDK binding from ALK 140 (Mazot et 

al. 2011, Moog-Lutz et al. 2005), since the MDK binding site on ALK has been mapped to 

amino acids 391-401 (Stoica et al. 2002, Stylianou et al. 2009). However, we found that 

pALK 140 was enhanced by MDK treatment. MDK also binds to the receptor protein 

tyrosine phosphatase β/ζ (RPTPβ/ζ) (Maeda et al. 1999). RPTPβ/ζ negatively regulates ALK 

signaling by dephosphorylating the receptor (Perez-Pinera et al. 2007). MDK binding to 

RPTPβ/ζ is hypothesized to inactivate the phosphatase, thereby activating ALK signaling. 

This would occur in a manner similar to PTN binding to RPTPβ/ζ, another putative ALK 

ligand (Perez-Pinera et al. 2007, Muramatsu 2014). It is possible that the ability of MDK to 

activate ALK signaling in IMR-32 cells is indirect, through MDK binding to and 

inactivating RPTPβ/ζ.

Evidence that MDK is important for the ability of ethanol to activate ALK signal 

transduction is provided by our experiments in which we reduced MDK expression using 

siRNAs. Transfection of IMR-32 cells with MDK siRNAs decreased MDK protein levels by 

approximately 50%. Reducing MDK levels abolished the ethanol-stimulated increase in 

pALK and attenuated the ethanol-stimulated increase in pERK and pSTAT3. We also 

performed experiments in which we treated IMR-32 cells with the MDK inhibitor, iMDK 

(Hao et al. 2013), and observed similar attenuation of the ethanol-stimulated increase in 

pALK, pERK and pSTAT3 (A.W.L and D.H., unpublished results). These results indicate 

that MDK contributes to the activation of ALK signaling in response to ethanol. How 

ethanol might rapidly activate MDK/ALK signaling is not known, but it is possible that 

ethanol increases MDK secretion from cells, thus activating ALK. We hypothesize that this 

is a separate event from the ethanol-induced increase in MDK transcription, since increased 

MDK expression occurs within hours and the activation of ALK signaling by ethanol 

happens within minutes. MDK protein levels in IMR-32 cells and mouse amygdala must be 

sufficient to promote ALK activation in response to ethanol without an increase in de novo 

protein synthesis.

We extended our studies to an in vivo model of ethanol-stimulated signaling. Ethanol rapidly 

increases pERK in the CeA, which is an important brain region that controls alcohol 

consumption (Ibba et al. 2009, Spanos et al. 2012, Thorsell et al. 2013, Roberto et al. 2012). 

We found that inhibition of ALK by TAE684 attenuated the increase in pERK in response to 

ethanol, indicating that ALK in the CeA contributes to ethanol-stimulated ERK signaling. 

We also found that MDK contributes to ethanol-stimulated ERK signaling in the CeA, since 
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MdkKO mice had decreased pERK in response to ethanol. We found a sex difference in this 

response. The attenuation in ethanol-stimulated pERK was only seen in female, but not 

male, MdkKO mice. MDK is an estrogen-regulated gene, so it is possible that higher levels of 

MDK are present in female mouse brain (Zhao et al. 2012). As a result, the effect of 

knocking out Mdk in female mice might have a more pronounced effect on signaling in 

response to ethanol. Although we found a role for MDK and ALK signaling in ethanol-

stimulated pERK in the CeA, signaling through MDK and ALK is not the only mechanism 

of ERK activation in response to ethanol. Others have found that the neuropeptide S receptor 

and the dopamine D1 receptor also contribute to increased pERK after ethanol treatment 

(Thorsell et al. 2013, Ibba et al. 2009). Ethanol activation of ERK signaling in the CeA 

probably results from the activation of several receptors.

What are the implications for the ability of ethanol to activate ERK and STAT3 via the 

MDK/ALK axis? MDK and ALK are clearly important for regulating behavioral responses 

to ethanol (Lasek et al. 2011b, Vicente-Rodriguez et al. 2014). ERK signaling also regulates 

behavioral responses to ethanol and other drugs of abuse (Faccidomo et al. 2009, Girault et 

al. 2007, Peana et al. 2013, Jeanblanc et al. 2013, Agoglia et al. 2015). This suggests that 

the behavioral alterations in Mdk and Alk knockout mice could be due to altered activation 

of the ERK signaling pathway. Targeting this pathway may provide a viable therapeutic 

strategy to curb excessive alcohol consumption. Less is known about the role of STAT3 

signaling in response to ethanol and ethanol-related behaviors, although pSTAT3 in the 

Edinger-Westphal nucleus is elevated after ethanol exposure (Bachtell et al. 2002). 

Interestingly, STAT3 plays a role in alcoholic liver disease and may protect against 

alcoholic liver injury and inflammation (Gao 2012). Since MDK plays a role in 

inflammation (Weckbach et al. 2011), activation of the STAT3 pathway may be a 

mechanism through which inflammatory processes in the brain are engaged with chronic 

alcohol consumption. Our data provide a starting point for determining whether ethanol-

stimulation of MDK and ALK signaling contributes to alcohol abuse.
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MDK midkine

ALK anaplastic lymphoma kinase

MAPK/ERK mitogen-activated protein kinase/extracellular signal-regulated kinase

PI3K/AKT phosphoinositide 3-kinase/protein kinase B

STAT3 signal transducer and activator of transcription 3

MdkKO midkine knockout

CeA central nucleus of the amygdala
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Fig. 1. 
Ethanol increases MDK expression in SH-SY5Y and IMR-32 cells. SH-SY5Y (a–d) or 

IMR-32 (eh) cells were treated with ethanol and MDK mRNA or protein expression was 

analyzed by qPCR or Western blotting, respectively. (a, e) MDK mRNA expression 4 h after 

treatment with 20, 50 or 100 mM ethanol. (b, f) Time course showing MDK mRNA 

expression after 100 mM ethanol treatment. (c, g) Representative Western blot showing an 

increase in MDK protein expression at various time points after 100 mM ethanol treatment. 

(d, h) Quantification of Western blotting results using ImageJ. Data are presented as the 

mean ± S.D. *p < 0.05, **p < 0.01, ****p < 0.0001.
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Fig. 2. 
Ethanol increases ALK expression in SH-SY5Y and IMR-32 cells. SH-SY5Y (a–d) or 

IMR-32 (e–h) cells were treated with ethanol and ALK mRNA or protein expression was 

analyzed by qPCR or Western blotting, respectively. (a, e) ALK expression increases 4 h 

after treatment with 20, 50 or 100 mM ethanol. (b, f) Time course showing ALK expression 

after 100 mM ethanol treatment. (c, g) Representative Western blots showing an increase in 

the 220 and 140 kDa isoforms of ALK at various time points after 100 mM ethanol 

treatment. (d, h) Quantification of Western blotting results using ImageJ. Data are presented 

as the mean ± S.D. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Fig. 3. 
Ethanol activates ALK signaling in IMR-32 cells. (a) Representative Western blots showing 

increased pALK 220 and 140, pERK, and pSTAT3, but not pAKT within 5 min of 100 mM 

ethanol treatment. Total ALK, ERK, STAT3, and AKT Western blots are shown below each 

phosphorylated protein blot for comparison. The effect of ethanol on phosphorylation was 

blocked by pre-treatment with the ALK inhibitor TAE684 (+, lanes 2, 4, 6 and 8) compared 

to the DMSO control (-, lanes 1, 3, 5 and 7). (b–e) Quantification of Western blots using 

ImageJ. Significant increases in pALK (b), pERK (c), and pSTAT3 (d), but not pAKT (e) 

were observed within 5 min of ethanol treatment, effects that were blocked by TAE684. 

Data are presented as mean ± S.D. *p < 0.05, **p < 0.01 compared to 0 minute time point 

within DMSO controls. #Significant difference when comparing DMSO control vs. TAE684 

treatment within each time point.
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Fig. 4. 
MDK activates ALK signaling in IMR-32 cells. (a) Representative Western blots showing 

increased pALK 220 and 140, pERK and pSTAT3, but not pAKT within min of treatment 

with recombinant MDK protein. Total ALK, ERK, STAT3, and AKT Western blots are 

shown below each phosphorylated protein blot for comparison. The effect of MDK was 

blocked by pre-treatment with the ALK inhibitor TAE684 (lanes 2, 4 and 6) compared to the 

DMSO control (lanes 1, 3 and 5). (b–e) Quantification of Western blots using ImageJ 

showing significant increases in pALK (b), pERK (c), and pSTAT3 (d) but not pAKT (e) 

within 5 min of ethanol treatment, effects that were blocked by TAE684. Data are presented 

as mean ± S.D. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 compared to 0 minute 

time point within DMSO controls. #Significant difference when comparing DMSO control 

vs. TAE684 treatment within each time point.
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Fig. 5. 
Ethanol activates ALK signaling through MDK. (a) Representative Western blots showing 

that increased pALK 220 and 140, pERK and pSTAT3 in response to 100 mM ethanol is 

attenuated by MDK siRNAs (siMDK2 and siMDK3) compared to a control siRNA (siCTL). 

Total ALK, ERK, STAT3, and AKT Western blots are shown below each phosphorylated 

protein blot for comparison. MDK blot shows the extent of knockdown by siMDK2 and 

siMDK3 and Actin blot is shown to indicate that equal protein amounts were loaded onto the 

gel. Ethanol treatment (Lanes 2, 5 and 6) is indicated by a + sign below the blots. (b–f) 

Quantification of Western blots using ImageJ showing significant decreases in MDK protein 

with siMDK2 and siMDK3transfection (b) and increases in pALK (c), pERK (d), and 

pSTAT3 (e) but not pAKT (f) within 5 min of ethanol treatment, effects that were attenuated 

by siMDK2 and siMDK3. Data are presented as mean ± S.D. ***p < 0.001, ****p < 0.0001 

when comparing ethanol-treated sample to control. ~ Significant siRNA by ethanol 

interaction. #Significant difference between siCTL and siMDK in ethanol-treated cells.
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Fig. 6. 
ALK inhibition attenuates ethanol-stimulated increase in pERK in the amygdala. (a–d) 

Images showing pERK staining in the mouse CeA after saline (a, c) or 3 g/kg ethanol (b, d) 

treatment and vehicle (a, b) or TAE684 treatment (c, d). (e) Quantification of pERK 

intensity using Image J. There were significant effects of ethanol and TAE684 treatments. 

(f) pERK intensity after injection of 2 g/kg ethanol or saline. (g) pERK staining in mice 

treated with 2 g/kg ethanol and TAE684 or vehicle. Data are presented as mean ± S.E.M. 

***p <0.001, ****p < 0.0001. Abbreviations: Sal, saline; Veh, vehicle; EtOH, ethanol; CeA, 

central nucleus of the amygdala; BLA, basolateral amygdala; ec, external capsule; ic, 

internal capsule. Scale bar, 200 μm.
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Fig. 7. 
Reduced pERK in the amygdala of MdkKO mice treated with ethanol. (a–d) Images showing 

pERK staining in the CeA of female wild-type (a, b; +/+) and MdkKO (c, d; −/−) mice 30 

min after saline (a, c) or 3 g/kg ethanol (b, d) treatment. (e) Quantification of pERK staining 

using Image J. There was a significant effect of ethanol treatment and a treatment by 

genotype interaction. Data are presented as mean ± S.E.M. ***p < 0.001; #p = 0.045, 

treatment by genotype interaction. Abbreviations: Sal, saline; EtOH, ethanol; CeA, central 

nucleus of the amygdala; BLA, basolateral amygdala; ec, external capsule; ic, internal 

capsule. Scale bar, 200 μm.
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