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Abstract

 Background—Exposure to chronic ethanol results in changes in expression of proteins that 

regulate neuronal excitability. The present study examined whether chronic ethanol alters the 

hippocampal expression and function of Fragile-X mental retardation protein (FMRP), and the 

role of FMRP in the modulation of chronic ethanol-induced changes in expression of NMDA 

receptors and Kv4.2 channels.

 Methods—For in-vivo studies, C57Bl6/J mice underwent a chronic intermittent ethanol (CIE) 

vapor exposure procedure. After CIE, hippocampal tissue was collected and subjected to 

immunoblot blot analysis of NMDA receptor subunits (GluN1, GluN2B), Kv4.2 and its accessory 

protein KChIP3. For in-vitro studies, hippocampal slice cultures were exposed to 75 mM ethanol 

for 8 days. Following ethanol exposure, mRNAs bound to FMRP was measured. In a separate set 

of studies, cultures were exposed to an inhibitor of S6K1 (PF-4708671, 6 μM) in order to assess 

whether ethanol-induced homeostatic changes in protein expression depend upon changes in 

FMRP activity.

 Results—Immunoblot blot analysis revealed increases in GluN1 and GluN2B but reductions 

in Kv4.2 and KChIP3. Analysis of mRNAs bound to FMRP revealed a similar bidirectional 

change observed as reduction of GluN2B and increase in Kv4.2 and KChiP3 mRNA transcripts. 

Analysis of FMRP further revealed that while chronic ethanol did not alter the expression of 

FMRP, it significantly increased phosphorylation of FMRP at the S499 residue that is known to 

critically regulate its activity. Inhibition of S6K1 prevented the chronic ethanol-induced increase in 

phospho-FMRP and changes in NMDA subunits, Kv4.2 and KChiP3. In contrast, PF-4708671 had 

no effect in the absence of alcohol, indicating it was specific for the chronic ethanol-induce 

changes.

 Conclusions—These findings demonstrate that chronic ethanol exposure enhances 

translational control of plasticity related proteins by FMRP, and that S6K1 and FMRP activity are 

required for expression of chronic ethanol-induced homeostatic plasticity at glutamatergic 

synapses in the hippocampus.
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 Introduction

Exposure to chronic ethanol results in adaptations at glutamatergic synapses that are thought 

to reflect, at least in part, homeostatic control of neuronal excitability and synaptic signaling. 

A well known example of these activity-dependent homeostatic changes induced by chronic 

ethanol include increases in expression of GluN2B-subunit containing NMDA receptors and 

a shift in their localization from the extrasynaptic to synaptic region of the membrane 

(Carpenter-Hyland et al., 2004, Chandler et al., 2006, Hendricson et al., 2007). In addition, 

we recently demonstrated that changes in the expression of proteins that modulate 

glutamatergic neurotransmission following chronic ethanol exposure involves bidirectional 

alterations of the expression of proteins that positively and negatively modulate neuronal 

signaling and plasticity. Specifically, CIE-induced increases in GluN2B subunit-containing 

receptors in the hippocampus occur in association with decreases in expression of the A-type 

K+-channel, Kv4.2 (Mulholland et al., 2015). These K+-channels critically regulate back-

propagating action potentials (bAPs) and synaptic integration, and are the major ion 

channels influencing neuronal excitability of hippocampal pyramidal neurons (Cai et al., 

2004, Kim et al., 2007, Carrasquillo et al., 2012). Fully functional Kv4.2 channels require 

auxiliary proteins that maintain surface expression and determine channel kinetics (Rhodes 

et al., 2004, An et al., 2000). In particular, K+-channel interacting protein 3 (KChIP3) is a 

primary binding partner of Kv4.2 in dendrites and dendritic spines in the hippocampus and 

regulates their membrane trafficking and expression (Shibata et al., 2003, Xiong et al., 

2004). Interestingly, KChIP3 has also been shown to negatively regulate the expression and 

function of NMDA receptors, and thus may play a role in CIE-induced bidirectional 

modulation of NMDA and Kv4.2 expression (Zhang et al., 2010)

The mRNA-binding protein Fragile-X mental retardation protein (FMRP) is a translational 

repressor that binds to mRNAs to regulate interaction with the active polyribosome and 

decrease protein expression (Ascano et al., 2012, Darnell et al., 2011). As one of the main 

regulators of local activity-dependent translation, FMRP interacts with 3-4% of all mRNAs 

in dendrites and dendritic spines, including Kv4.2, KChIP3, and NMDA receptor subunits 

(Darnell et al., 2011, Eadie et al., 2012, Lee et al., 2011). FMRP expression and activity is 

necessary for proper neuronal function, maintenance of basal protein expression, and 

mediating mRNA translation (Wang et al., 2014, Zhang et al., 2009, Dictenberg et al., 2008, 

Mercaldo et al., 2009). Disruption of FMRP expression and function leads to dysregulation 

of activity-dependent local translation, and affects neuronal mechanisms of plasticity (Wang 

et al., 2014, Yun and Trommer, 2011). While the importance of FMRP during development 

has been well established, a potential role for FMRP in mediating alterations in translation in 

response to chronic ethanol exposure is not known (Saffary and Xie, 2011, Fernandez et al., 

2013, Bonaccorso et al., 2015). The goal of the current study was to gain a better understand 

the role of FMRP in regulating ethanol-induced changes in protein expression at 

glutamatergic synapses.
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 Materials and Methods

All procedures were carried out in accordance with the NIH Guide for the Care and Use of 

Laboratory Animals, and were approved by the Institutional Animal Care and Use 

Committees of the Medical University of South Carolina.

 In-vivo chronic intermittent ethanol exposure

Male adult mice of C57BL/6 (Charles River Laboratories, Kingston, NY) were single-

housed under a 12 hr light/dark cycle with continuous access to food and water. Beginning at 

approximately 9 weeks of age, mice were subjected to either air or ethanol vapor using 

chronic intermittent exposure (CIE) procedure as previously described (Becker and Hale, 

1993). In brief, this procedure involved exposure to either ethanol or air vapor for 14 hours 

beginning ~3 hours into the dark cycle followed by an 8-hour withdrawal period. This cycle 

was repeated for four consecutive days and was followed by a 72 hr withdrawal period. On 

the days that animals went into the vapor chambers, ethanol intoxication was initiated by 

administration of 1.6 g/kg ethanol (8% w/v; i.p.) together with the alcohol dehydrogenase 

inhibitor pyrazole (1 mmol/kg). Mice in the control group received equivalent injections of 

pyrazole in saline. This weekly CIE exposure and withdrawal cycle was repeated for four 

consecutive weeks. Chamber ethanol concentrations were measured daily and blood samples 

were collected from all mice for blood ethanol analysis to ensure stable BEC (target levels of 

175-225 mg/dl) throughout the exposure period. At the end of the last week of CIE, mice 

were removed from the vapor chambers, immediately sacrificed, and the brain removed and 

dissected on ice. After obtaining bilateral punches of the hippocampus, the tissue was 

prepared for immunoblot analysis by sonication in 2% LDS and then stored at −80 °C for 

subsequent western blot analysis.

 Hippocampal slice cultures and in-vitro chronic ethanol exposure

Hippocampal slice cultures were prepared from Sprague-Dawley rat pups as previously 

described (Mulholland et al, 2011). In brief, 6-8 day old rat pups were rapidly decapitated 

and whole brains were aseptically removed and placed in ice-cold dissection medium 

consisting of Basal Medium Eagle (with Earle’s salts) plus 25 mM HEPES, 2 mM 

GlutaMAX, and 100 μg/ml streptomycin (pH 7.2). Bilateral hippocampi were hand dissected 

and placed in chilled culture medium consisting of dissection medium plus 36 mM glucose, 

25% (v/v) Earle’s balanced salt solution, and 25% platelet-poor horse serum (PPHS). Each 

hippocampus was then coronally sectioned at 400 μm using a McIllwain tissue chopper 

(Mickle Laboratory Engineering Co. Ltd., Gomshall, UK), and the slices then transferred 

onto Millicell-CM biopore membrane (0.4-μm pore size) inserts (4 slices/insert) and placed 

in 35-mm six-well culture plates in pre-incubated culture medium. Cultures were then 

placed in a humidified 37°C incubator with an atmosphere of 7.5% CO2 and 92.5% air. 

After 4 days of incubation, the media was changed to one containing a reduced amount of 

PPHS (5%). This media was replaced every 4 days for the remaining period of culturing. 

Each set of cultured slices was prepared from 6-8 rats pups and each treatment group within 

an experiment contained slices from at least 2 separate rat pups. For chronic exposure to 

alcohol, 8-day old slice cultures were exposed to 75 mM ethanol in sealed vapor chambers 

also as previously described. In studies using an SK1 inhibitor, PF-4708671 was added to 
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the media every other day. After exposure, slices were scraped from the culture membrane 

and sonicated in 2% LDS, and prepared for western blot analysis or for co-

immunoprecipitation and RT-qPCR.

 Western blot analysis

Western blot procedures were carried out as previously described (Trantham-Davidson et al., 

2014). In brief, proteins samples were separated by weight via gel electrophoresis and 

transferred onto a PVDF membrane using Bio-Rad semi-dry transfer apparatus. A Swift 

Total Protein Stain (G-Biosciences) was used to evaluate protein loading across the different 

lanes and for normalization of the blot data. Membranes were then blocked in 4% non-fat 

dry milk and incubated overnight at 4 °C with the primary antibody. Primary antibodies and 

dilutions included phospho-S499 FMRP (1:1000, Abcam, ab48127), FMRP (1:2000, 

Milllipore, MAB2160), KChIP3 (1:500, Millipore, 05-756), Kv4.2 (1:1000, NeuroMab, 

75-016), GluN1 (1:3000, NeuroMab, 75-272), and GluN2B (1:3000, NeuroMab, 75-101). 

After incubation with the primary antibody, membranes were then incubated with secondary 

antibody for 1 hr at room temperature. Membranes were exposed to enhanced 

chemilluminescence (Bio-Rad,Hercules, CA) and band light intensity measured using a 

ChemicDoc MP Imaging System (Bio-Rad, Hercules, CA)

 Immunoprecipitation of FMRP and real-time quantitative PCR

A co-immunoprecipitation (co-IP) kit from Pierce was used to pull down mRNA bound to 

FMRP from hippocampal lysates according to the manufacturers instructions. For sample 

preparation, hippocampal slice cultures were homogenized using a needle and syringe with 

RNase and protease inhibitors in homogenization buffer consisting of 1.28 M sucrose, 40 

mM Tris-HCl pH 7.5, 20 mM MgCl2, and 1% NP-40, with ~ 2 u/mL of RNasin Plus 

inhibitors (Promega), and 1X cOmplete Mini EDTA-free protease inhibitor (Roche). To pre-

clear the lysate, 80 μl of slurry of Control Agarose Resin was cleared on a spin column 

followed by a wash with 100 μl of Coupling Buffer. One mg of lysate was added to the pre-

cleared resin and incubated for 30 min at 4 °C with rotation. Following centrifugation, the 

eluent was saved to subsequent co-IP. For antibody immobilization, 50 μl of a slurry of 

AminoLink Coupling Resin was added to a spin column. After brief centrifugation to clear 

the column, the resin was washed twice with 200 μl of Coupling Buffer consisting of 10 mM 

NaH2PO4, 150 mM NaCl in nuclease free water. To each pre-cleared spin column, FMRP 

antibody (6 μg), 200 μl of Coupling Buffer and 3 μl of sodium cyanoborohydride were 

added. This solution was incubated at room temperature with rotation for 2 hrs. The column 

was then cleared by centrifugation and the resin washed twice with 200 μl of Coupling 

Buffer followed by the addition of 200 μl of Quenching Buffer consisting of 1 M Tris-HCl 

and 3 μl of sodium cyanoborohydride. After 15 min incubation with rotation, the column 

was cleared by centrifugation, washed twice with 200 μl Coupling Buffer, and then 6 times 

with Wash Buffer consisting of 0.1M PBS, 200 mM NaCl, and 2 μl/ml of RNase Plus and 

1X protease inhibitor. For subsequent co-IP of FMRP-mRNA, the pre-cleared lysate in 500 

μl of PBS was added to an antibody immobilized spin column and incubated overnight at 

4 °C with rotation, followed by rinsing the column with Wash Buffer. To elute binding of 

FMRP-mRNA, 50 μl of Elution Buffer was added to the column and incubated at room 

temperature for 5 min. The eluted FMRP-mRNA was then recovered by centrifugation.
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For measurement of mRNAs that were co-IP with FMRP, the mRNA was extracted using a 

standard chloroform-Trizol (Life Technologies) extraction procedure. The extracted mRNA 

was then purified using the RNeasy Mini Kit (Qiagen) and nonspecific cDNA was 

transcribed using a RNA to cDNA Kit (Applied Biosystems). The mRNA reverse 

transcription protocol involved incubation at 37 °C for 60 min, 95 °C for 5 min, and a 4 °C 

hold using a Bio-Rad C1000 thermocycler. The primer sequences used for all transcripts 

examined is provided in Table 1. For qPCR, a Sybr Green qPCR kit (Life Technologies) was 

used on a Bio-Rad CFX 96 thermocycler with an initial denaturation of 2 min at 94 °C 

followed by 40 cycles with a 15 sec denaturation at 94 °C, 1 min of annealing and extension 

at 60 °C, and a 4 °C hold. The comparative ΔCt method was used to calculate fold change. 

ΔCt = Target cycle # - Ref cycle #; ΔΔCt = ΔCt Ctrl – ΔCt Exp. Fold change was calculated 

using the ΔΔCt. Fold change = 2−ΔΔC.

 Statistical Analysis

Experiments conducted with organotypic hippocampal slice cultures were divided into 

paired treatment groups. Cultures from the same animals were used in both the control and 

treated groups, such that an n of 1 for both the control and treatment groups came from the 

same animal, n of 2 from another animal, etc. Each n for every experimental paradigm 

represents hippocampal tissue taken from the same animal, and this tissue was used only 

once in the same experiment. Unless otherwise noted, experiments with control and ethanol 

only groups were analyzed with a paired two-tailed Students t-test with significance of p < 

0.05. For experiments with S6K1 inhibitor and concurrent ethanol treatment, a 1-way 

ANOVA was used to determine significance. For western blots with hippocampal tissue 

taken from CIE-treated mice, an unpaired Students t-test was used to determined statistical 

significance between control and ethanol-treated.

 Results

 Chronic ethanol induces bidirectional changes in NMDA and Kv4.2 expression in the 
hippocampus

The first set of experiments examined the effects of chronic ethanol exposure on expression 

of NMDA receptor subunits, Kv4.2 channels and the Kv4.2 auxiliary protein KChIP3. As 

shown in Figure 1A, immunoblot analysis revealed a significant increase in expression of 

both GluN1 [t(20) = 2.146, p < 0.05, n = 11] and GluN2B [t(20) = 2.132, p < 0.05, n=11] 

subunits in hippocampal tissue isolated immediately after the last cycle of CIE exposure. In 

contrast, there was a significant reduction in expression of both Kv4.2 [t(16) = 2.121, p < 

0.05, n = 9] and KChIP3 [t(18) = 2.123, p < 0.05, n = 10]. This confirms a previous 

observation of bidirectional alterations in the expression of NMDA receptors and Kv4.2 

channels, presumably as a homeostatic response to maintain normal levels of neuronal 

activity (Lee et al., 2011, Andrasfalvy et al., 2008, Jung et al., 2008, Kaufmann et al., 2013, 

Lei et al., 2010).

The next set of studies examined the expression of these proteins in organotypic 

hippocampal slice cultures following chronic ethanol exposure. The purpose of these studies 

using organotypic cultures is to replicate the in-vivo observations so that follow-up 
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mechanistic studies could be performed in this in-vitro model of chronic alcohol exposure. 

As shown in Figure 1B, chronic ethanol exposure resulted in nearly identical bidirectional 

changes observed as increases in GluN1 [t(10) = 2.997, p < 0.05, n = 6] and GluN2B [t(12) 

= 2.612, p < 0.05, n= 7], and reduced expression of Kv4.2 [t(12) = 2.174, p < 0.05, n = 7] 

and KChIP3 [t(10) = 3.016, p < 0.05, n = 6]. These observations using hippocampal slice 

cultures provides validation for use of this chronic ethanol exposure model for mechanistic 

studies described below that examine the role of FMRP in chronic ethanol-induced 

bidirectional changes in NMDA receptors and Kv4.2 channels.

 Chronic ethanol enhances the phosphorylation status of FMRP

FMRP has been shown to regulate the expression of NMDA receptors, Kv4.2, and KChIP3 

in the hippocampus, and may therefore play a critical role in the chronic ethanol-induced 

bidirectional changes in the expression of these proteins (Darnell et al., 2011, Lee et al., 

2011, Shang et al., 2009). In the first set of studies, we examined the effect of both in-vivo 
(Figure 2A) and in-vitro (Figure 2B) chronic ethanol exposure on expression of FMRP in the 

hippocampus. This analysis revealed no changes in total FMRP expression following either 

in-vivo [t(35)=0.0997, p = 0.9211, n = 18,19] or in-vitro [t(5) = 0.7408, p = 0.4921, n = 6] 

ethanol exposure.

It has previously been shown that the translational activity of FMRP is critically dependent 

upon phosphorylation at the S449 residue that appears to promote inhibitory binding of the 

mRNA transcripts to FMRP and/or stall translation (Ceman et al., 2003, Darnell et al., 

2011). Therefore, we used a phospho-specific antibody to determine whether chronic 

alcohol exposure alters the S499 phosphorylation status of FMRP independent of any 

changes in total FMRP expression. As shown in Figure 2A and 2B, this analysis revealed an 

increase in the level of phospho-FMRP following both in-vivo [t(40) = 2.382, p < 0.05, n = 

21] and in-vitro [t(5) = 3.149, p < 0.05, n = 6] ethanol exposure. Expression of these results 

as a ratio of the levels of phospho-FMRP to total FMRP also reveal a significant increase 

with both in-vivo and in-vitro ethanol exposure compared to controls (one-tailed t-test, p < 

0.05).

 Chronic ethanol exposure bidirectionally changes mRNA binding to FMRP

The next set of studies examined the effect of CIE on binding of FMRP to mRNA transcripts 

for GluN1, GluN2B, Kv4.2, and KChIP3 (Darnell et al., 2011, Gross et al., 2011, Lee et al., 

2011). For these studies, a co-IP procedure was used to isolate FMRP, and then RT-qPCR to 

quantify mRNA transcripts that were pulled down with FMRP. Western blot analysis 

confirmed successful immmunoprecipitation of FMRP in both control and ethanol-exposed 

samples (not shown), and RT-qPCR confirmed that mRNA transcripts that code for GluN1, 

GluN2B, Kv4.2, and KChIP3 co-IP with FMRP (Figure 3). All experimental transcripts 

were normalized to GAPDH. As a negative control, examination of mRNA for HPRT (which 

is not a target of FMRP) revealed no measurable levels of this mRNA in the precipitate (data 

not shown), confirming the specificity of co-IP for mRNAs bound to FMRP (Darnell et al., 

2011). Examination of the effect of chronic ethanol exposure on the mRNAs of interest 

revealed no change in GluN1 [t(7) = 0.9546, p = 0.3716, n = 8] but a significant reduction in 

the amount of GluN2B [t(8) = 2.402, p < 0.05, n = 9] mRNA. In contrast, chronic ethanol 
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exposure was associated with a significant increase in FMRP binding of mRNA for Kv4.2 

[t(8) = 2.340, p < 0.05, n = 9] and KChIP3 [t(7) = 2.561, p < 0.05, n = 6]. It is important to 

keep in mind that FMRP functions as an inhibitory regulator of protein translation via the 

sequestration of mRNA transcripts. Thus, all things being equal, an increase or decrease in 

mRNA bound to FMRP would result in a decrease or increase, respectively, in translation of 

those transcripts. Therefore, the observations of opposing changes in mRNA associated with 

FMRP are consistent with a bidirectional change in expression of NMDA receptors and 

Kv4.2 channels in response to chronic ethanol exposure.

 S6K1 and phosphorylation of FMRP are required for chronic ethanol-induced 
bidirectional changes NMDA and Kv4.2

Previous studies have shown that S6K1 is the kinase that phosphorylates FMRP at the S499 

site and promotes inhibition of protein translation by FMRP through the mTORC1 pathway 

(Bartley et al., 2014, Hoeffer et al., 2012). Therefore, the next set of studies examined the 

effect of inhibition of S6K1 on chronic ethanol-induced changes in FMRP phosphorylation 

in hippocampal slice cultures using the S6K1 inhibitor PF-4708671 (PF). As shown in 

Figure 4, while the inclusion of PF (6 μM) in the slice culture media under control 

conditions had no effect upon the baseline level of phospho-FMRP, co-incubation of PF and 

ethanol completely prevented chronic ethanol-induced increases in phospho-FMRP [F(3,12) 

= 6.174 p = 0.0062, Tukey post hoc, p < 0.05, n = 5]. This observation is consistent with a 

critical requirement for S6K1 in chronic ethanol-induced increases in FMRP 

phosphorylation.

In the next set of studies, we examined the effect of PF on the bidirectional change in 

NMDA receptors and Kv4.2 in response to chronic ethanol exposure. Consistent with the 

observations in Figure 1, CIE exposure (Figure 5A-D) was again observed to increase 

expression of GluN1 [F(3,12) = 6.174 p = 0.0062, Tukey post hoc, p < 0.05, n = 5] and 

GluN2B [F(3,12) = 5.665 p = 0.0.0272, Tukey post hoc, p < 0.05, n = 5] and reduce 

expression of Kv4.2 [F(3,12) = 5.509 p = 0.0148, Tukey post hoc, p < 0.05, n = 5] and 

KChIP3 [F(3,12) = 6.174 p = 0.0.146, Tukey post hoc, p < 0.05, n = 5]. Importantly, co-

incubation of PF with ethanol completely blocked the bidirectional changes in NMDA 

subunits, Kv4.2 and KChIP3 proteins. However, as was the case with phospho-FMRP, 

chronic exposure to PF had no effect on expression of these proteins in the absence of 

ethanol.

The final next set of studies examined the effect of inhibition of S6K1 on FMRP-mRNA 

binding. Analysis by RT-qPCR of the mRNA transcripts pulled down by FMRP again 

showed no change in GluN1 [F(3,12) = 0.3996 p = 0.7558, n = 5] but reduced GluN2B 

[F(3,15) = 4.232 p = 0.0235, Tukey post hoc, p < 0.05, n = 6] mRNA, and enhanced levels of 

Kv4.2 [F(3,12) = 3.630 p = 0.0351, Tukey post hoc, p < 0.05, n = 5] and KChIP3 [F(3,12) = 

4.465 p = 0.0252, Tukey post hoc, p < 0.05, n = 5] mRNA bound to FMRP (Figure 6A-D). 

Consistent with the results of PF on FMRP phosphorylation (Figure 4) and protein 

expression (Figure 5), while chronic exposure of slice cultures to PF and no effect of FMRP-

mRNA association in control cultures, it completely blocked the chronic ethanol-induced 

changes in GluN2, Kv4.2, and KChIP3 mRNA association with FMRP (Figure 6A-D). 
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Taken together, these observations are consistent with the hypothesis that translational 

control by FMRP plays a critical role in chronic ethanol-induced bidirectional changes in 

expression of NMDA and Kv4.2 receptors in the hippocampus.

 Discussion

Previous studies have reported alterations in plasticity of glutamatergic synapses in response 

to both in-vivo and in-vitro chronic ethanol exposure (Harris et al., 2003, Carpenter-Hyland 

et al., 2004). Many of these changes are thought to reflect homeostatic mechanisms that 

attempt to reestablish normal levels of synaptic activity and signaling in response to 

prolonged synaptic depression during chronic ethanol exposure (Chandler et al., 2006). 

However, in spite of demonstrations of chronic ethanol-induced glutamatergic plasticity, 

surprising little is known about the mechanisms that lead to changes in protein translation in 

dendrites and dendritic spines during chronic ethanol exposure. The results of the present 

study reveal a requirement for S6K1 signaling and FMRP in mediating the expression of 

homeostatic changes in response to chronic alcohol exposure.

In addition to homeostatic modulation of neuronal activity by changes in expression and 

function of excitatory and inhibitory neurotransmitter receptors (e.g. glutamate and GABA, 

respectively), excitability is also regulated by additional receptors and proteins that function 

to modulate local excitatory inputs and balance neuronal signaling. One prominent change in 

glutamatergic neurotransmission that has been observed in various brain regions and 

preparations in response to chronic ethanol exposure is an increase in the synaptic 

expression of GluN2B-containing NMDA receptors (Carpenter-Hyland et al., 2004, 

Hendricson et al., 2007). In the hippocampus, we recently demonstrated that chronic ethanol 

induced changes in GluN2B expression occur in parallel with reduction in Kv4.2 channel 

expression and function, and it was hypothesized these changes occur through a coupled 

bidirectional process (Mulholland et al., 2015). Additional studies have reported a reduction 

in Kv4.2 receptor expression in models of temporal lobe epilepsy, and have observed that 

increasing Kv4.2 function in the hippocampus can also inhibit NMDA-mediated 

hyperexcitability (Monaghan et al., 2008, Zhang et al., 2010). The auxiliary protein KChIP3 

promotes Kv4.2 channel expression and is necessary for optimal Kv4.2 channel function, 

and has also been shown to directly interact with NMDA receptors to decrease their surface-

expression and reduce NMDA currents (Shibata et al., 2003, Zhang et al., 2010). These 

observations are consistent with our previous findings that both Kv4.2 and KChIP3 are 

critical mediators of chronic ethanol-induced plasticity.

The mRNA-binding protein FMRP is a translational repressor that regulates activity-

dependent dendritic translation and has been shown to play a critical role in basal-state 

homeostatic maintenance of proteins in dendrites and spines (Schutt et al., 2009, Dictenberg 

et al., 2008). FMRP has also been implicated in disorders such as temporal lobe epilepsy and 

Fragile X syndrome that are characterized by hyperexcitability and dysregulated protein 

homeostasis (Lee et al., 2011, Hagerman and Stafstrom, 2009). A deletion of FMRP or its 

dysfunction leads to increases in expression of downstream targets that include Kv4.2 and 

KChIP3, and loss of the ability of neurons to adapt and adjust protein synthesis in response 

to changes in neuronal activation (Lee et al., 2011, Gross et al., 2011). FMRP is a 
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component of the mTORC1 pathway, and is regulated by the upstream kinase S6K1 (Gong 

et al., 2006, Hoeffer et al., 2012). In the nucleus accumbens and central amygdala, it has 

been reported that rats exposed to chronic ethanol exhibit increases in mTORC1 and S6K1 

phosphorylation and activity (Barak et al., 2013, Wang et al., 2010). This increase in S6K1 

activity is accompanied by an increase in proteins that promote glutamatergic signaling and 

whose mRNAs are frequent binding partners of FMRP, including CaMKII, Arc, and PSD-95 

(Barak et al., 2013, Schutt et al., 2009, Bhattacharya et al., 2012). Observations in the 

present study are in agreement with reports that chronic ethanol alters FMRP dependent 

translation, and further suggest that FMRP dependent translation is, at least in part, a critical 

mediator of the homeostatic adaptive response to chronic ethanol exposure. Previous studies 

have shown that inhibition of S6K1 by the mTORC1 inhibitor rapamycin abolished 

expression of proteins that promote local excitatory signaling and also reduced ethanol-

seeking behaviors (Barak et al., 2013, Neasta et al., 2014). The results of the present study 

further reveal that blockade of S499-FMRP phosphorylation through inhibition of S6K1 

activity prevents chronic ethanol-induced changes in expression of key modulators of 

synaptic plasticity. These experiments highlight the significance of the S6K1 signaling and 

FMRP in ethanol-induced changes in protein expression in the hippocampus.

Although phosphorylation of FMRP can serve as a useful indicator of its functional activity, 

it is the binding of specific mRNAs to phosphorylated FMRP that dictates which proteins 

will be translationally regulated by FMRP. In the present study, we demonstrate that the 

chronic-ethanol induced increases in phospho-FMRP were indeed associated with selective 

increases in the binding of mRNA transcripts to FMRP. Specifically, we observed increased 

binding of FMRP to mRNAs coding for Kv4.2 and KChIP3. In studies of Fragile X 

syndrome, viral-mediated increases in FMRP protein in fmr1-/- mice prevent 

hyperexcitability in the hippocampus and return Kv4.2 protein expression to control levels 

(Lee et al., 2011, Gross et al., 2011). Of note, this decrease in protein expression is due to 

direct FMRP–Kv4.2 mRNA binding, and mutation of S499 residue of FMRP reduces the 

amount of Kv4.2 mRNA bound to FMRP (Lee et al., 2011). We further demonstrate that 

blocking the chronic ethanol-induced increase in S499-FMRP phosphorylation is associated 

with a reduction in the binding KChIP3 and Kv4.2 mRNA to FMRP. Taken together, these 

data indicate that increases in FMRP phosphorylation and changes in FMRP-mRNA 

interactions are an important regulatory component of ethanol-induce plasticity.

Previous studies examining the effect of FMRP on GluN1 expression have yielded mixed 

results. Developmentally, fmr1-/- show decreased NMDA receptor-mediated current in the 

CA1 during LTP along with a decrease in expression of GluN1, GluN2B, and GluN2A 

(Shang et al., 2009, Zhang et al., 2009). Adult mice, however, show no changes in basal 

GluN1 levels, but still display impaired LTP (Wang et al., 2014, Shang et al., 2009). Other 

studies in knockout animals suggest different signaling pathways (e.g. ERK/MNK) may 

have a greater influence over GluN1 expression (Panja and Bramham, 2014, De Rubeis and 

Bagni, 2011). Clinical studies on post-mortem brains of individuals with co-morbid Fragile 

X syndrome and temporal lobe epilepsy indicate that although there is dysregulation of 

NMDA receptor signaling, other downstream targets such as K+ channels may contribute 

more to FMRP-mediated hyperexcitability than NMDA receptors (Hagerman and Stafstrom, 

2009, Nicholas et al., 2010). These findings suggest that FMRP may ‘fine tune’ NMDA-

Spencer et al. Page 9

Alcohol Clin Exp Res. Author manuscript; available in PMC 2016 July 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



mediated signaling by regulating translation of receptor subunits that affect channel 

function, and by altering expression of other proteins regulating local excitability in spines, 

such as Kv4.2 and KChIP3, that suppress excitation in the hippocampus.

Results of the present study also confirm and extend previous observations that chronic 

ethanol exposure induces homeostatic changes in plasticity related proteins observed as an 

increase in expression of GluN2B-containing NMDA receptors and reduction in expression 

of Kv4.2 and KChIP3 (Carpenter-Hyland et al., 2004, Chandler et al., 2006, Mulholland et 

al., 2015). These changes were found to correlate with a decrease and increase, respectively, 

in the binding of their mRNA transcripts to FMRP. However, while these observations 

support the suggestion that FMRP plays an important role in mediating chronic ethanol-

induce changes at glutamatergic synapses, they also suggest that other mechanisms likely 

play an important role and impart specificity. For example, all things being equal, an 

increase in phosphorylation of FMRP at S499 would be expected to increase the inhibitory 

binding of GluN2B mRNA, yet the opposite was observed. FMRP contains distinct binding 

regions that interact with specific RNAs or proteins (Ascano et al., 2012). Along with 

alterations in phosphorylation, other regulatory components, such as cytoplasmic FMRP 

interacting proteins and micro-RNAs, bind to FMRP to alter its confirmation and modulate 

which FMRP binding regions are available for interaction with proteins or mRNAs (Ascano 

et al., 2012, Chen and Joseph, 2015, Napoli et al., 2008, Edbauer et al., 2010). This suggests 

that an additional factor(s) are involved that differentially regulate FMRP binding of mRNA 

transcripts. Regardless, the observation that the ethanol-induced changes in mRNA-FMRP 

binding and protein expression were prevented by inhibition of S6K1 mediated 

phosphorylation of FMRP strongly implicates a critical role for FMRP in chronic ethanol-

induced homeostatic plasticity. These findings also add to the current literature that local 

translational control by FMRP in dendrites and dendritic spines induce homeostatic 

mechanisms to balance neuronal signaling that affect not only glutamatergic function, but 

have larger behavioral implications in ethanol-induced neuronal plasticity.
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Figure 1. 
Chronic ethanol exposure induces bidirectional changes in the expression of NMDA and 

Kv4.2 receptors in the hippocampus. (A) In an in-vivo model of chronic intermittent ethanol 

exposure (CIE), immunoblot analysis of the expression of GluN1 and GluN2B in the 

hippocampus was significantly increased when measured immediately following the last 

episode of ethanol exposure. In contrast, expression of Kv4.2 and KChIP3 was significantly 

reduced (n = 9-11). (B) Nearly identical bidirectional changes in response to chronic ethanol 

(75 mM) exposure were obtained in organotypic hippocampal slice cultures (n= 7). Values 

represent mean ± SEM, * p < 0.05.
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Figure 2. 
Chronic ethanol exposure enhances phosphorylation of FMRP. (A) In the in-vivo mouse 

model of CIE exposure, the basal level of phospho-S499-FMRP was increased in the 

hippocampus of the ethanol exposed mice (n=21). In contrast, there was no difference 

between control and CIE in the level of total FMRP (n = 18-19). Expression of the data as a 

ratio of phospho-FMRP to total FMRP also revealed a significant increase (n = 14-16). (B) 
Similar chronic ethanol-induced (75 mM) increases in the level of phospho-FMRP and no 

change total FMRP were obtained in the in-vitro organotypic hippocampal slice culture 

model (n= 8). Expression of the data as a ratio of phospho-FMRP to total FMRP also 

revealed a significant increase (n = 6). Data represent mean ± SEM, * p < 0.05.
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Figure 3. 
Bidirectional changes in NMDA receptors and Kv4.2 channels are associated with similar 

changes in mRNA binding to FMRP. FMRP was immunoprecipitated from homogenates of 

hippocampal tissue obtained from control and chronic ethanol (75 mM) exposed 

hippocampal slice cultures. RT-qPCR analysis of the mRNA transcripts in the 

immunoprecipitate revealed a significant reduction in GluN2B mRNA in CIE exposed slice 

cultures. In contrast, there was a significant increase in the amount of Kv4.2 and KChIP3 

mRNA (n = 7-8). Data represent mean ± SEM, * p < 0.05.
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Figure 4. 
Inhibition of S6K1 prevents chronic ethanol-induced increases in phospho-FMRP. (A) 
Schematic representation of the effect of the S6K1 inhibitor PF-470861 (PF) on 

phosphorylation of FMRP at S499. Reduced phosphorylation of FMRP results in reduced 

inhibitory binding of mRNA and an increase in the pool of mRNA transcripts available for 

translation. (B) Immunoblot analysis revealed that while treatment of organotypic 

hippocampal cultures with PF (6 μM) had no effect on the phosphorylation status of FMRP 

at S499 under control conditions, it completely blocked the chronic ethanol-induced increase 

in phospho-FMRP (n = 5). Data represent mean ± SEM, ** p < 0.01.
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Figure 5. 
Inhibition of S6K1 prevents ethanol-induced changes in protein expression. Hippocampal 

slice cultures were chronically exposed to ethanol in the presence and absence of the S6K1 

inhibitor PF-470861 (PF, 6 μM). Immunoblot analysis revealed that while PF had no effect 

on the expression of any of the proteins examined (A-D), it completely prevented the 

increase in expression of GluN1 (A) and GluN2B (B), and the reduction in expression of 

Kv4.2 (C) and KChiP3 (D) induced by chronic ethanol exposure (n = 7-8). Data represent 

mean ± SEM, * p < 0.05, ** p < 0.01.
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Figure 6. 
Inhibition of S6K1 prevents ethanol-induced changes in binding of NMDA and Kv4.2 

mRNA transcripts to FMRP. (A) In organotypic hippocampal slice cultures, neither ethanol, 

(75 mM), the S6K1 inhibitor PF-470861 (PF, 6 μM) alone or ethanol plus PF altered the 

binding of GluN1 mRNA to FMRP (n=6). (B) GluN2B mRNA binding to FMRP was 

reduced in response to chronic ethanol exposure alone while exposure to PK had no effect of 

GluN2B binding of FMRP. The effect of ethanol was blocked by the addition of PK, which 

resulted in a significant increase in GluN2B mRNA association with FMRP compared to 

control (Ctrl). In contrast, binding of mRNA coding for Kv4.2 (C) and KChIP3 (D) were 

significantly increased in cultures chronically exposed the ethanol. This increase was 

prevented by co-incubation with PK. Data represent mean ± SEM, * p < 0.05.
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Figure 7. 
Model of chronic ethanol induced homeostatic bidirectional changes in expression of 

NMDA and Kv4.2 channels, and the role of KChIP3 and FMRP in this activity-dependent 

process. Left panel depicts regulation of the surface expression of NMDA receptors and 

Kv4.2 via a coupled process involving the multifunctional protein KChiP3. As an accessory 

protein to Kv4.2, KChiP3 association with Kv4.2 promotes it’s trafficking and enhances its 

surface expression. In contrast, it functions as a negative modulator of NMDA receptor 

function and surface expression. The activity dependent expression of all these proteins is 

controlled by FMRP, which functions as a negative regulator of translation. Right panel 
depicts homeostatic adaptations in response to chronic attenuation of synaptic activity 

associated with alcohol exposure. These changes include a increase in the surface expression 

of GluN2B-containing NMDA receptors and reduction in the surface expression of Kv4.2 

channels. This bidirectional change may be mediated, at least in part, by reduction in 

expression of KChIP3. In addition, these homeostatic changes are dependent on enhanced 

phosphorylation of S499 of FMRP (via S6K1) that in turn promotes inhibitory binding of 

mRNA transcripts including Kv4.2 and KChIP3 mRNA. While ethanol exposure is also 

associated with a reduction in GluN2B binding to FMRP, the mechanism responsible for this 

reduction is not clear and likely involves additional regulatory processes.
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Table 1

Primer sequences for RT-qPCR.

mRNA Primer Sequence

GAPDH 5’- AAGGCTCATGACCA
3’- CAGGGATGATGTTCT

HPRT 5’ TTGGATACAGGCCAGACTTTGTT
3’ CTGAAGTACTCATTATAGTCAAGGGCATA

FAAH 5’- ATGAACCCGTGGAAGCCCTC
3’- CGCCGATGTCAGTGCCTAAAC

GluN1 5’- CTCTAGCCAGGTCTACGCTATCC
3’- GACGGGGATTCTGTAGAAGCCA

GluN2B 5’- CTGGAGTTCTGGTTCCTTACTG
3’- ATTCTCCTATCTTGCCCGGA

KChlP3 5’ CACCTATGCACACTTCCTCTTCA
3’ ACCACAAAGTCCTCAAAGTGGAT

Kv4.2 3’-GCCTTCGTTAGCAAATCTGG
3’ GTGACATAAGGACACTGGG
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