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Alcohol-dependent molecular adaptations of the NMDA receptor 
system

N. Morisot and D. Ron*

Department of Neurology, University of California, San Francisco, San Francisco, CA, USA

Abstract

Phenotypes such as motivation to consume alcohol, goal-directed alcohol seeking and habit 

formation take part in mechanisms underlying heavy alcohol use. Learning and memory processes 

greatly contribute to the establishment and maintenance of these behavioral phenotypes. The N-

methyl-d-aspartate receptor (NMDAR) is a driving force of synaptic plasticity, a key cellular 

hallmark of learning and memory. Here, we describe data in rodents and humans linking signaling 

molecules that center around the NMDARs, and behaviors associated with the development and/or 

maintenance of alcohol use disorder (AUD). Specifically, we show that enzymes that participate in 

the regulation of NMDAR function including Fyn kinase as well as signaling cascades 

downstream of NMDAR including calcium/calmodulin-dependent protein kinase II (CamKII), the 

α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPAR) and the mammalian 

target of rapamycin complex 1 (mTORC1) play a major role in mechanisms underlying alcohol 

drinking behaviors. Finally, we emphasize the brain region specificity of alcohol's actions on the 

above-mentioned signaling pathways and attempt to bridge the gap between the molecular 

signaling that drive learning and memory processes and alcohol-dependent behavioral phenotypes. 

Finally, we present data to suggest that genes related to NMDAR signaling may be AUD risk 

factors.
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A prominent theory of AUD is the alcohol-dependent ‘hijacking’ of learning and memory 

processes which leads to pathological alcohol seeking and taking (Hyman et al. 2006; 

Torregrossa et al. 2011). Repeated exposure to alcohol promotes synaptic plasticity in key 

brain regions contributing to the formation of strong memories related to the rewarding 

experience of alcohol consumption (Torregrossa et al. 2011). In parallel, learning of the 

adverse consequences associated with harmful alcohol use may be attenuated (Torregrossa et 
al. 2011). As a result, patients suffering from AUD exhibit excessive alcohol intake, 

escalation of consumption and uncontrolled seeking and taking behaviors, which are key 

characteristics of AUD (Apa 2013; Koob & Volkow 2010). Thus, a better understanding of 
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the molecular events underlying the aberrant form of learning and memory associated with 

AUD will enhance the discovery of new potential therapeutic targets.

The NMDAR is a critical factor of learning and memory functions (Mayford et al. 2012), 

and a primary target of alcohol (Ron and Wang 2009). In recent years, the molecular 

mechanisms that drive (the GO pathways) or that prevent (the STOP pathways) the 

development of AUD have started to unravel (Ron & Barak 2016), and we focus here on the 

contribution of the NMDAR signaling to the GO pathways in studies that used chronic 

voluntary consumption of alcohol in rodents. Specifically, we provide a description of the 

normal function of the NMDAR in learning and memory processes. We then detail the 

molecular events that promotes NMDAR activity, in particular Fyn kinase-dependent 

mechanisms, as well as signaling downstream of the receptor, including CaMKII, which are 

both critically affected by excessive alcohol drinking. Next, we review the potential link 

between alcohol-induced NMDAR inhibition and downstream signaling involving 

mTORC1. Finally, we review evidence from human genetic studies suggesting that variants 

in NMDAR-related genes contribute to the risk of developing AUD.

The NMDAR system

Glutamate, the major excitatory neurotransmitter in the mammalian brain, contributes to 

various crucial brain functions, including learning and memory (Mayford et al. 2012). 

Glutamate signaling is mediated through the activation of two families of transmembrane 

receptors: the G protein-coupled metabotropic receptors (mGluRs) and the ionotropic 

receptors, NMDA, AMPA and Kainate receptors (Traynelis et al. 2010). The NMDAR is a 

tetramer comprised of an obligatory subunit GluN1, and the regulatory subunits GluN2A-D 

and GluN3A-B (Traynelis et al. 2010). The most common regulatory subunits are GluN2A 

and GluN2B that differentially control the electrophysiological properties of the channel 

such as conductance and open probability (Traynelis et al. 2010). Each GluN2 subunit is 

composed of a long intracellular C-terminal sequence which contains binding sites for 

scaffolding proteins as well as kinase phosphorylation sites that control channel trafficking, 

membranal localization and activity (Traynelis et al. 2010). The NMDARs are enriched in 

the postsynaptic density (PSD), which is a dense network of hundreds of proteins including 

kinases, phosphatases, small G proteins and scaffolding proteins that mediate functional and 

structural plasticity of the excitatory synapses (Kennedy 2000).

The NMDAR contributes to the strengthening of synaptic connections (synaptic plasticity), 

that are essential to the formation of long-term memory (Mayford et al. 2012). Short-term 

synaptic plasticity is achieved through transient synaptic transmission changes (milliseconds 

to minutes), which then quickly return back to baseline levels, whereas long-term plasticity 

is achieved by repeated stimulation that causes persistent changes (hours to days) in the 

synaptic connections (Mayford et al. 2012). The NMDAR-dependent long-term potentiation 

(LTP) is the basis of synaptic plasticity (Malenka 2003; Mayford et al. 2012), and is 

associated with (1) the forward trafficking of AMPARs, (Malinow & Malenka 2002), (2) de 
novo protein synthesis (Kasai et al. 2010) and (3) enlargement of existing spines in addition 

to the formation of new spines (Matsuzaki et al. 2005). The NMDAR-dependent LTP was 

initially described in the hippocampus but was later observed in various brain regions 
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important for the development of AUD, including the ventral tegmental area, the nucleus 

accumbens (NAc), the dorsal striatum, the prefrontal cortex (PFC) and amygdala (Bernier et 
al. 2011; Britt et al. 2012; Cho et al. 2012; Taylor et al. 2016; Wang et al. 2012).

Src family tyrosine kinases and the NMDAR

This section focuses on modulation of NMDAR activities through tyrosine phosphorylation 

and dephosphorylation. Kinase phosphorylation of the GluN2A and GluN2B subunits plays 

a major role in the localization, activation state and physiological properties of the NMDARs 

(Traynelis et al. 2010). Kinases including protein kinase C, CaMKII, and cyclin-dependent 

kinase 5 phosphorylate the GluN2 subunits on serine and threonine sites (Ron 2004), while 

the Src family of tyrosine kinases (PTKs), Fyn and Src phosphorylates the GluN2 subunits 

on tyrosine sites. (Ohnishi et al. 2011; Ron 2004; Trepanier et al. 2012). Fyn and Src are the 

best characterized kinases modulating the NMDAR function. As such, the kinases play an 

important role in synaptic plasticity, learning and memory (Ohnishi et al. 2011; Salter & 

Kalia, 2004; Trepanier et al. 2012).

Fyn and Src are composed of regulatory and catalytic domains (Engen et al. 2008). In their 

inactive conformation, Fyn and Src are phosphorylated on tyrosine 528 (mouse)/531 (rat/

human) (PhosphoTyr528/531[Fyn/Src]) enabling the formation of an intramolecular bond 

with the SH2 domain that keeps the kinases in a closed inactive conformation (Engen et al. 
2008). Dephosphorylation of this site results in a conformational change, allowing the 

kinases to undergo autophosphorylation at tyrosine 417 (mouse)/420 (rat and human) 

(PhosphoTyr417/420[Fyn/Src]), which is the hallmark of the active kinase (Engen et al. 2008). 

Conversely, dephosphorylation of PhosphoTyr417/420 inhibits Fyn and Src activity (Engen et 
al. 2008). The phosphatase responsible for dephosphorylating the inactive site 

PhosphoTyr527/530[Fyn/Src], and thus that enables the activation of the kinases is the protein 

tyrosine phosphatase alpha (PTPalpha) (Bhandari et al. 1998; Ponniah et al. 1999; Su et al. 
1999; Vacaresse et al. 2008; Vacaru & den Hertog 2010; Zheng et al. 2000). The termination 

of Fyn activation in the brain is mediated via the dephosphorylation of the active 

phosphorylation site Tyr417/[Fyn] by the striatal-enriched tyrosine phosphatase (STEP) 

(Goebel-Goody et al. 2012). Although studies have mainly focused on STEP 

dephosphorylating Fyn thereby inhibiting kinase activity (Goebel-Goody et al. 2012), it is 

plausible that similar mechanisms hold true for Src. Finally, the activity of STEP is 

controlled in part, by protein kinase A (PKA) (Goebel-Goody et al. 2012). Specifically, PKA 

phosphorylates STEP resulting in an inhibition of the activity of the phosphatase thereby 

facilitating kinase activity (Goebel-Goody et al. 2012).

Once active, Fyn phosphorylates tyrosine residues within the cytoplasmic tail of GluN2B 

subunits (Ohnishi et al. 2011; Salter & Kalia 2004; Trepanier et al. 2012). The consequence 

of Fyn-mediated phosphorylation of GluN2B is the enhancement of channel function 

(Trepanier et al. 2012; Yaka et al. 2002, 2003a), which is due, at least in part, of increased 

membranal retention of GluN2B (Dunah et al. 2004; Nakazawa et al. 2001; Prybylowski et 
al. 2005). Both Fyn (Yaka et al. 2002) and PTPalpha (Lei et al. 2002) are part of the 

NMDAR complex, and the close proximity of Fyn to GluN2B allows the efficient 

phosphorylation of the subunit (Sato et al. 2008; Tezuka et al. 1999; Yaka et al. 2002; Yaka 
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et al. 2003a). Finally, STEP was reported to dephosphorylate GluN2B leading to channel 

internalization (Snyder et al. 2005). How alcohol co-opts the Fyn signaling-dependent 

regulation of NMDAR to drive alcohol-related phenotypes is reviewed herein.

CamKII and the NMDAR

At its resting state, the pore of the NMDAR is blocked by Mg2+ ions (Traynelis et al. 2010). 

Presynaptic stimulation causes a strong postsynaptic depolarization mediated by AMPAR 

which enables the removal of Mg2+ and, together with glutamate binding, leads to channel 

opening resulting in the entry of calcium (Ca2+) and sodium (Na+) ions (Traynelis et al. 
2010). Ca2+ entering the NMDAR pore binds calmodulin, which associates with, and 

activates CaMKII (Irvine et al. 2006). CaMKII is a serine and threonine kinase composed of 

12 independent subunits (Irvine et al. 2006). Once Ca2+ is bound, CaMKII is 

autophosphorylated by neighboring subunits of the holoenzyme, a mechanism that keeps the 

kinase active even after Ca2+ levels decrease and calmodulin dissociates from the kinase 

(Irvine et al. 2006). The autonomous activity of the holoenzyme is considered to be a 

molecular transducer of synaptic plasticity and long-term memory (Coultrap & Bayer 2012; 

Herring & Nicoll 2016; Muller et al. 2016). Specifically, NMDAR-dependent LTP is 

mediated by CaMKII phosphorylation and forward trafficking of AMPARs to the synaptic 

membrane (Herring & Nicoll 2016; Malinow & Malenka 2002). How alcohol promotes 

signaling activation downstream of the NMDAR is discussed herein.

Alcohol and NMDAR phosphorylation

Although the inhibition of NMDARs by acute alcohol exposure has been most extensively 

studied (Lovinger et al. 1989, Ron and Wang 2009), chronic alcohol increases NMDAR 

function in numerous brain regions (Abraham 2008; Floyd et al. 2003; Grover et al. 1998; 

Gulya et al. 1991; Iorio et al. 1992; Smothers et al. 1997; Wang et al. 2007, 2010). This 

section focuses on mechanisms underlying enhanced NMDAR signaling by repeated cycles 

of alcohol drinking and withdrawal.

Alcohol and Fyn signaling

Over the past decade, we have generated data to suggest that the Fyn signaling pathway is 

activated in the striatum of rodents in response to alcohol exposure. The striatum can be 

divided into ventral (NAc), dorsomedial (DMS) and dorsolateral (DLS) subregions based on 

neuroanatomical and functional divergences (Everitt & Robbins 2013). We found that the 

level of PhosphoTyr417[Fyn] and thus the activity of the kinase is increased in the dorsal 

striatum in response to alcohol exposure (Wang et al. 2007). Furthermore, we found that 

contingent and non-contingent activation of Fyn by alcohol is localized to the DMS and was 

not observed in the DLS or in the NAc (Darcq et al. 2014; Gibb et al. 2011; Wang et al. 
2007, 2010). Although both Src and Fyn are expressed throughout the brain, we generated 

data to suggest that alcohol specifically activates Fyn in the dorsal striatum. Specifically, we 

used an immunoprecipitation assay to pull down the kinase and detected the specific Fyn 

phosphorylation by alcohol (Wang et al. 2007). In contrast, Src was not activated by alcohol 

in the dorsal striatum (Wang et al. 2007). Interestingly, the activation of Fyn by alcohol is 

long-lasting. Specifically, repeated daily systemic administration of a non-hypnotic dose of 
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alcohol or a 7-week intermittent access (IA) to 20% alcohol in a two-bottle choice paradigm 

(IA20%-2BC) led to Fyn activation in the DMS of mice and rats that was maintained even 

after 16–24 h of withdrawal (Darcq et al. 2014; Gibb et al. 2011; Wang et al. 2010). We 

further showed that Fyn activation by alcohol is not due to alterations in the levels of the 

kinase (Wang et al. 2011) but instead resulted from the lateral movement of PTPalpha in 

close proximity to Fyn (Gibb et al. 2011), and through PKA-mediated phosphorylation of 

STEP, which in turn prevented the ability of STEP to dephosphorylate the kinase (Darcq et 
al. 2014). The PKA has been shown to be an upstream transducer of many of alcohol's 

actions in the brain (Ron & Barak 2016), and Xu et al. recently reported that the alcohol-

mediated PKA-dependent phosphorylation and thus inhibition of STEP prevented the 

phosphatase from dephosphorylating and inactivating PTPalpha (Xu et al. 2015), thus 

enabling PTPalpha to translocate into lipid rafts and activate Fyn (Gibb et al. 2011; Xu et al. 
2015). Curiously, similar to the activation profile of Fyn in response to alcohol exposure, 

PKA-dependent phosphorylation of STEP was localized to the DMS and was not detected in 

other striatal regions, (Darcq et al. 2014; Gibb et al. 2011; Wang et al. 2010; Xu et al. 2015). 

Finally, moderate consumption of alcohol modeled by a continuous access to 10% alcohol in 

a 2BC paradigm (CA10%-2BC) did not activate Fyn in the DMS of mice (Fig. 1, original 

data), suggesting that Fyn is activated only in response to heavy drinking of alcohol.

As described in above, one of the major substrates of Fyn in the brain is GluN2B, and as 

expected, the pattern of GluN2B phosphorylation in response to both contingent and non-

contingent alcohol exposure resembles the pattern of Fyn activation by alcohol. Specifically, 

repeated daily systemic administration of alcohol for 7 days, or 7–8 weeks of IA20%-2BC 

resulted in a long-lasting phosphorylation of GluN2B at the synaptic membrane (Ben 

Hamida et al. 2013; Darcq et al. 2014; Wang et al. 2010), and similar to Fyn, the 

phosphorylation was localized to the DMS and was not detected in the DLS or NAc (Darcq 

et al. 2014; Gibb et al. 2011; Wang et al. 2010). Finally, GluN2B phosphorylation by alcohol 

led to increased membranal stabilization of GluN2B and a long-lasting facilitation of 

NMDAR activity (Wang et al. 2007, 2010, 2011). Together, these studies suggest that 

repeated cycles of alcohol exposure and withdrawal activate Fyn in the DMS, which in turn 

phosphorylates GluN2B resulting in the enhancement of channel activity (Fig. 2). This 

conclusion is supported by experiments in which lentivirus gene delivery was used to infect 

the DMS with short hairpin RNA (shRNA) sequence to knockdown PTPalpha or STEP 

mRNA. As predicted, knockdown of PTPalpha in the DMS prevented alcohol-dependent 

Fyn activation and GluN2B phosphorylation (Ben Hamida et al. 2013). Conversely, 

downregulation of STEP in the DMS potentiated the alcohol-mediated Fyn activation and 

GluN2B phosphorylation (Darcq et al. 2014). Curiously, Hicklin et al. reported that ex vivo 
exposure of hippocampal neurons to alcohol increased STEP-mediated dephosphorylation of 

GluN2B, which the authors suggested contributes to the inhibitory actions of alcohol of the 

NMDAR activity (Hicklin et al. 2011; Wu et al. 2011). These data are opposite to the finding 

that GluN2B is phosphorylated in response to ex vivo exposure of hippocampal neurons to 

alcohol (Yaka et al. 2003b). It is important to note however that the high basal level of 

GluN2B phosphorylation described by Hicklin et al. could be masking the actions of 

alcohol.
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Nevertheless, compelling evidence has been generated to indicate that Fyn plays a critical 

role in alcohol-related behaviors. Pioneer studies showed that genetic deletion of Fyn (Fyn−/

−) resulted in higher sensitivity of mice to the acute sedative hypnotic actions of alcohol, 

which required GluN2B phosphorylation (Boehm et al. 2003; Miyakawa et al. 1997; Yagi 

1999; Yaka et al. 2003c). The early data regarding the role of Fyn in alcohol drinking in the 

2BC paradigm have been controversial. For instance, we did not find differences in alcohol 

intake between wild-type (WT) and Fyn−/− mice even when mice were bred on two 

different backgrounds; C57BL/6J or 129SVJ (Yaka et al. 2003c), whereas Boehm et al. 
(2003) observed a reduction of alcohol drinking in Fyn−/− mice compared to WT mice 

(Boehm et al. 2003). More intriguing was the observation that alcohol consumption and 

preference were reduced in Fyn overexpression transgenic mice (Boehm et al. 2004). Fyn−/− 

mice display abnormal arrangements of cells in specific brain regions as evident by 

undulations in granule cell layer in the hippocampus (Grant et al. 1992). Thus, possible 

compensatory mechanisms during development may be the explanation of these 

discrepancies. Moreover, it is important to note that these early studies used the 

CA10%-2BC paradigm, which, as we show herein, does not produce an activation of Fyn in 

the DMS (Fig. 1), and possibly in other brain regions, thus providing an explanation to the 

lack of changes in the consumption of 10% alcohol intake in the Fyn−/− mice vs. WT 

littermates (Yaka et al. 2003c).

Numerous studies link the Fyn signaling pathway to the scaffolding protein postsynaptic 

density protein (PSD-95). PSD-95 associates with Src PTKs (Kalia and Salter, 2003), and 

the phosphorylation of GluN2B enhances the binding of PSD-95 to the subunit (Rong et al., 
2001). PSD-95 also associates with STEP and the association destabilizes STEP leading to 

its degradation (Won et al., 2016). Interestingly, PSD-95 KO consume less alcohol compared 

to WT (Camp et al., 2011), however, PSD-95 KO mice consume more alcohol compared to 

baseline after deprivation (Camp et al., 2011).

More recently, models of operant self-administration of 20% alcohol have been proven 

useful to study multiple aspects of AUD including heavy alcohol intake, alcohol seeking and 

relapse (Carnicella et al. 2014). In this paradigm, rats undergo a period of 7 weeks of 

IA20%-2BC followed by an operant self-administration training period during which rats 

press on a designated ‘active’ lever to obtain a drink of alcohol (Carnicella et al. 2014). After 

acquisition of self-administration of 20% alcohol, cannula is be implanted in specific brain 

regions to pharmacologically manipulate the activity of an enzyme within a signaling 

pathway. Infusion of the Fyn inhibitor, PP2, in the dorsal striatum (Wang et al. 2007) and 

specifically into the DMS of rats (Wang et al. 2010) prior to a self-administration session 

reduced the number of presses on the active lever and the amount of alcohol consumed 

(Wang et al. 2007, 2010). In contrast, PP2 infusion into the NAc or DLS did not alter alcohol 

self-administration, indicating that the role of Fyn on alcohol intake is brain region-specific 

(Wang et al. 2007, 2010). PP2 infusion in the dorsal striatum did not affect the inter-

response interval distribution, thus ruling out general locomotor alterations (Wang et al. 
2007). To test whether the contribution of Fyn in the DMS to self-administration is 

generalized to other reinforcing substances, Wang et al. trained rats to self-administer 

sucrose, a natural reward, and showed that Fyn inhibition in the DMS did not affect sucrose 

self-administration, suggesting that Fyn specifically drives alcohol drinking behavior (Wang 
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et al. 2010). Furthermore, Wang et al. also tested the contribution of Fyn in the DMS to 

relapse to alcohol seeking. To model relapse, rats trained to self-administer alcohol undergo 

an extinction training in which the active lever is not reinforced (i.e. no alcohol is delivered 

upon pressing the active lever) (Carnicella et al. 2014; Epstein et al. 2006). Once the operant 

behavior is extinguished, the reinstatement test is carried out in which a small drop of 

alcohol is placed in the reward port and lever presses previously associated with alcohol are 

recorded (Carnicella et al. 2014; Epstein et al. 2006). The sensory cues (i.e. odor + taste) of 

the alcohol prime trigger a robust reinstatement of alcohol seeking (Carnicella et al. 2014). 

Using this model, Wang et al. found that Fyn inhibition in the DMS reduces the 

reinstatement of alcohol seeking, showing a key role for Fyn in mechanisms underlying 

relapse to alcohol use (Wang et al. 2010). Together, these data strongly suggest that Fyn in 

the DMS plays a role in intake of alcohol as well as relapse to alcohol seeking.

Upstream of Fyn is PTPalpha, which is required for the activation of the kinase (Bhandari et 
al. 1998). In line with the molecular findings described in this section, PTPalpha in the DMS 

plays an important role in mechanisms underlying excessive alcohol drinking. Specifically, 

PTPalpha knockdown in the DMS reduced alcohol intake and preference in an IA20%-2BC 

paradigm in rats without affecting water or sucrose consumption (Ben Hamida et al. 2013). 

Furthermore, to test whether PTPalpha contributes to the development of excessive alcohol 

drinking, the DMS of naïve mice was infected with a lentivirus expressing an shRNA 

sequence targeting PTPalpha prior to the beginning of the IA20%-2BC paradigm. 

Downregulation of PTPalpha reduced the consumption of, and preference for, 6%, 10% and 

20% alcohol solution (Ben Hamida et al. 2013), suggesting that PTPalpha in the DMS is 

required for the developmental phase of excessive alcohol drinking. Conversely, infection of 

DMS neurons with a lentivirus expressing an shRNA sequence targeting STEP enhanced 

alcohol drinking and preference (Darcq et al. 2014). STEP was shown to contribute to 

NMDAR-mediated fear memory in the amygdala (Paul et al. 2007) and Hicklin et al. found 

that STEP is required for alcohol attenuation of fear conditioning (Hicklin et al. 2011). 

Furthermore, STEP−/− mice displayed increased level of alcohol intake in the 2BC 

paradigm as compared with WT mice (Legastelois et al. 2015). While WT and STEP−/− 

mice drink similar amounts of the sweet rewarding solution, saccharin, STEP−/− mice 

consume more of bitter tasting solutions of quinine or denatonium, that typically trigger 

aversion in WT mice (Legastelois et al. 2015). To test whether genetic deletion of STEP 

abolished the sensitivity to aversive stimulus, Legastelois et al. used a conditioned place 

aversion paradigm in which mice are conditioned to receive an injection of lithium chloride, 

an malaise-inducing agent, in a specific compartment. Following conditioning, WT but not 

STEP−/− mice avoided spending time in the lithium chloride-paired compartment 

(Legastelois et al. 2015). These results suggest that STEP controls the consumption of 

alcohol in part by attenuating its aversive bitter taste.

As described above, the PTPalpha activation and STEP inhibition by excessive alcohol 

drinking converge to promote Fyn activation, which in turn, phosphorylates GluN2B 

resulting in the enhancement of NMDAR activity. Similar to the reduction of alcohol 

consumption in response to Fyn inhibition in the DMS, GluN2B-containing NMDAR 

blockade by infusion of ifenprodil in the dorsal striatum (Wang et al. 2007) and more 

specifically in the DMS (Wang et al. 2010) reduced alcohol operant self-administration. The 
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latter effect was brain region-specific as intra-NAc (Wang et al. 2007) or intra-DLS (Wang et 
al. 2010) infusion of ifenprodil was ineffective at reducing alcohol self-administration. 

Similar to PP2, intra-DMS administration of ifenprodil did not alter sucrose self-

administration (Wang et al. 2010). Moreover, intra-DMS infusion of ifenprodil was 

sufficient to reduce alcohol-priming-induced reinstatement of alcohol seeking similar to Fyn 

inhibition (Wang et al. 2010). Thus, NMDAR activity in the DMS is crucial to alcohol intake 

and relapse.

Alcohol and CaMKII signaling

The molecular transducer of NMDAR activation is CaMKII (Irvine et al. 2006), and a direct 

link between CaMKII and alcohol-dependent behavioral phenotypes has been established by 

two studies (Easton et al. 2013; Salling et al. 2014). Specifically, Salling et al. reported that 

moderate consumption of alcohol increases the protein level of CaMKIIalpha in the 

amygdala, and that the administration of the CaMKII inhibitors KN-93, or a CamKII 

inhibitory peptide into the mouse Central Amygdala (CeA) reduces self-administration of a 

sweetened solution of 10% alcohol (Salling et al. 2014). A second study by Easton et al. 
used transgenic mice expressing a mutant form of the kinase in which threonine at position 

286 in the alpha subunit of the kinase has been mutated to alanine (αCaMKIIT286A) thereby 

preventing the autophosphorylation and thus the autonomous activation of the kinase 

(Easton et al. 2013). The authors showed that αCaMKIIT286A mice exhibited a delay in the 

onset of alcohol consumption as compared with WT mice (Easton et al. 2013), indicating 

that the CaMKII mediates the development of alcohol drinking behaviors.

Downstream of NMDAR-dependent activation of CaMKII is the phosphorylation and 

forward trafficking of the AMPAR. Salling et al. further reported that moderate consumption 

of alcohol increases the protein levels as well as the phosphorylation of the GluA1 subunit of 

AMPARs in the CeA (Salling et al. 2014). In addition, we showed that excessive alcohol 

intake initiates the forward trafficking of AMPAR subunits in the DMS suggesting that 

CaMKII may be activated in the DMS in response to consumption of excessive amounts of 

alcohol (Wang et al. 2012). Furthermore, the contribution of AMPAR to the behavioral 

effects of alcohol was shown by Corbit et al. (2014), Salling et al. (2014) and Wang et al. 
(2012). Specifically, intra-DMS infusion of the AMPAR antagonist, NBQX into the DMS of 

rat, reduced self-administration of a 20% alcohol solution (Wang et al. 2012), whereas intra-

amygdala infusion of NBQX reduced self-administration of a sweetened solution of 10% 

alcohol in mice (Salling et al. 2014). Finally, intra-DLS infusion of NBQX in the DLS 

blocked the expression of alcohol habits (Corbit et al. 2014).

Alcohol and mTORC1 signaling

As detailed above, the NMDAR is an essential mediator of synaptic plasticity and learning 

and memory (Malenka 2003), and alcohol addiction is thought to be a maladaptive form of 

learning and memory (Hyman 2005; Nestler 2001). It is well established that ex vivo acute 

application of alcohol in various types of neurons inhibits the activity of NMDAR (Lovinger 

et al. 1989; Ron & Wang 2009). These findings raise an interesting question: how can 

alcohol on one hand inhibit the activity of the channel and on the other hand also contribute 

Morisot and Ron Page 8

Genes Brain Behav. Author manuscript; available in PMC 2018 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



to alcohol-dependent learning and memory phenotypes? A clue for solving this puzzle 

stemmed from studies reporting that the inhibition of the NMDAR function activates 

mTORC1 (Dwyer & Duman 2013), a kinase responsible for the initiation of the translational 

machinery at dendrites (Buffington et al. 2014), that plays an essential role in synaptic 

plasticity and learning and memory (Hoeffer & Klann 2010; Santini et al. 2014). 

Specifically, a single systemic administration the NMDAR inhibitors ketamine or 

Ro25-6981 was shown to produce a rapid activation of mTORC1 in the medial PFC 

(mPFC), which, in turn, produced an increase in the protein levels of the synaptic proteins 

PSD-95 and the GluA1 subunit of AMPAR, as well as to an increase in the protein levels of 

the presynaptic protein, synapsin I (Li et al. 2010). These molecular changes lead to 

increased number of spines and to an increase in synaptic strength of mPFC neurons (Li et 
al. 2010). Thus, it is plausible that the acute inhibition of the NMDAR by alcohol initiates 

mTORC1-mediated synaptic and structural plasticity that in turn drives initial alcohol 

associated learning. In fact, we obtained data to suggest that this mechanism may be 

responsible, at least in part to alcohol-associated reward learning. The NAc is a key 

component of the brain reward system (Sesack & Grace 2010), which orchestrates the 

acquisition (learning) and expression (memory retrieval) of the rewarding and reinforcing 

properties of alcohol (Koob 2003). We previously reported that unlike in the DMS in which 

alcohol both inhibits and enhances NMDAR function, alcohol's actions in the NAc are 

exclusively inhibitory (Wang et al. 2007, 2010, 2011). Interestingly, we found that alcohol 

also activates mTORC1 in the NAc (Neasta et al. 2010). Specifically, we showed that acute 

systemic administration of alcohol as well as episodes of heavy alcohol drinking activates 

mTORC1 in the NAc shell of rodents (Laguesse et al. 2016; Neasta et al. 2010). We further 

showed that mTORC1 activation is detected in dopamine D1 receptor (D1R) expressing 

NAc neurons during the first session of alcohol drinking in naïve mice resulting in increases 

in synaptic strength of NAc D1R neurons (Beckley et al. 2016). Furthermore, similar to the 

actions of ketamine and Ro25-6981 (Li et al. 2010), excessive alcohol consumption initiated 

the activation of the translational machinery leading to the translation of synaptic proteins 

including the collapsin response mediator protein 2 (CRMP-2), HOMER, PSD-95, Arc and 

GluA1 (Beckley et al. 2016; Liu et al. 2016; Neasta et al. 2010). Furthermore, the increase in 

CRMP-2 levels in the NAc in response to long-term heavy alcohol drinking promotes 

microtubules assembly (Liu et al. 2016). Importantly, we showed that systemic 

administration of the selective mTORC1 inhibitor, rapamycin, decreased rodents ' alcohol 

seeking and drinking as well as alcohol place preference (Beckley et al. 2016; Neasta et al. 
2010). Together, these data suggest an intriguing possibility that the inhibition of the activity 

of NMDAR by alcohol activates the mTORC1-dependent signaling pathway (Fig.3), which 

in turn drives the memory of alcohol reward. Interestingly, we recently found that long-term 

excessive drinking of alcohol activates the mTORC1 signaling pathway in the orbitofrontal 

cortex (Laguesse et al. 2016). It would therefore be of interest to determine whether the 

NMDAR is inhibited by alcohol in this brain region as well and if so, whether it is linked to 

the activation of mTORC1 and/or to increases in synaptic plasticity and alcohol-dependent 

behavioral phenotypes.
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The NMDAR signaling and AUD risk factors

The preclinical studies described above point to the critical role of NMDAR signaling in the 

development of AUD. Accordingly, several components of the NMDAR signaling pathway 

have been identified in human studies to be associated with AUD phenotypes. Specifically, 

single nucleotide polymorphisms (SNPs) within the Fyn gene were shown to be associated 

with increased risk of developing AUD and in increased severity of the disorder (Ishiguro et 
al. 2000; Pastor et al. 2009; Schumann et al. 2003). Furthermore, Gelernter et al. utilized 

data from the genome-wide association studies together with data from the Study of 

Addiction: Genetics and Environment and the Collaborative Study on the Genetics of 

Alcoholism and found that Fyn is localized within a gene network that was enriched for 

genes associated with alcohol dependence in both European Americans and African 

Americans (Han et al. 2013). Furthermore, several SNPs within the CaMKII gene including 

one located in the autophosphorylation site of the kinase were also found to be associated 

with the severity of AUD (Easton et al. 2013), and with increased frequency of alcohol 

consumption (Meyers et al. 2013). Finally, mutations within the AMPAR subunits as well as 

mTOR, and HOMER were also shown to be associated with increased alcohol use (Meyers 

et al. 2015). Although more studies are needed, these studies strongly suggest that the 

NMDAR network could be viewed as a potential AUD risk factor.

Summary and future directions

In this review, we summarized preclinical data showing that excessive alcohol drinking 

alters NMDAR signaling, which in turn contributes to the expression of alcohol-related 

behaviors such as alcohol reward, intake, seeking and relapse. In addition, human studies 

identified genetic variants within the NMDAR signaling pathway as risk factors for AUD. 

Together, findings in humans and rodents converge to support the important role of NMDAR 

signaling in the disease. Thus, targeting the NMDAR-associated molecular pathways 

affected by alcohol may represent a novel strategy to prevent and treat AUD in humans.

We described signaling mechanisms which center on the NMDAR, that may account, in 

part, for both the molecular (Figs. 2 3) and behavioral adaptations that ultimately drive 

alcohol-related phenotypes. We focused on alterations of NMDAR signaling in three brain 

regions, e.g. the CeA, the DMS and the NAc. However, such signaling mechanisms may 

occur in other brain regions. For instance, enhanced GluN2B-containing NMDAR currents 

has been observed in the basolateral amygdala (BLA) and the ventral bed nucleus of the stria 

terminalis (vBNST) following early cessation from chronic passive alcohol exposure using 

alcohol liquid diet or vapor administration, respectively (Floyd et al. 2003; Kash et al. 2009). 

Thus, it would be of interest to determine whether voluntary consumption of alcohol 

enhances the activity of the NMDARs in the BLA and vBNST, and if so, whether alcohol 

does so via the activation of the above-mentioned signaling pathways. However, it is 

plausible that non-physiological long-term exposure of rodents to alcohol (e.g. liquid diet 

and vapor exposure) produces different molecular outcomes compared with a voluntary 

drinking paradigm.
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An intriguing question is the rather striking brain region selectivity of alcohol's effects. For 

example, the Fyn signaling pathway is activated by alcohol in the DMS but not in the DLS 

or NAc, whereas mTORC1 is activated in the NAc shell and the OFC, but not in other 

striatal or cortical regions. An intriguing possibility is that alcohol, by altering the lipid 

membrane fluidity (Chin et al. 1978, 1979), changes the composition of signaling proteins 

within lipid rafts. Lipid rafts are detergent-insoluble membrane microdomains which are 

enriched in glycosphingolipids, glycophosphatidylinositol-anchored proteins and cholesterol 

that localize signaling molecules into one membranal site (Allen et al. 2007). Signaling 

molecules are known to move in or out of lipid rafts depending on the activation signal 

(Allen et al. 2007). PTPalpha was shown to regulate the activity of Fyn in rafts (Maksumova 

et al. 2005; Vacaresse et al. 2008) and we previously showed that alcohol induces the 

association of PTPalpha and Fyn in lipid rafts in the DMS (Gibb et al. 2011). Interestingly, 

cholesterol content varies across brain regions (Svenningsson et al. 2004), and thus it is 

plausible that differences in cholesterol content between brain regions of similar neuronal 

composition such as the DMS and the NAc determine which signaling cascades will be 

activated in response to alcohol exposure.

Finally, we focused herein on NMDAR-dependent signaling molecules in the DMS, NAc 

and CeA. The 3 brain regions play a different role in learning and memory-dependent 

mechanisms such as goal-directed (Yin & Knowlton 2006), reward learning (Sesack & 

Grace 2010) and anxiety-related behaviors (Janak & Tye 2015), thus, future directions will 

be required to link these signaling cascades to specific circuitries that contribute to the 

behavior.

Acknowledgments

The authors would like to thank Khanhky Phamluong for technical assistance and past and present members of the 
Ron Laboratory for their scientific contribution. This work was supported by NIAAA P50 AA017072 (D.R.) and 
U01AA023489 (D.R.).

References

Abraham WC. Metaplasticity: tuning synapses and networks for plasticity. Nat Rev Neurosci. 2008; 
9:387. [PubMed: 18401345] 

Allen JA, Halverson-Tamboli RA, Rasenick MM. Lipid raft microdomains and neurotransmitter 
signalling. Nat Rev Neurosci. 2007; 8:128–140. [PubMed: 17195035] 

APA. Diagnostic and Statistical Manual of Mental Disorders. American Psychiatric Association; 
Washington, DC: 2013. 

Beckley JT, Laguesse S, Phamluong K, Morisot N, Wegner SA, Ron D. The first alcohol drink triggers 
mTORC1-dependent synaptic plasticity in nucleus accumbens dopamine D1 receptor neurons. J 
Neurosci. 2016; 36:701–713. [PubMed: 26791202] 

Ben Hamida S, Darcq E, Wang J, Wu S, Phamluong K, Kharazia V, Ron D. Protein tyrosine 
phosphatase alpha in the dorsomedial striatum promotes excessive ethanol-drinking behaviors. J 
Neurosci. 2013; 33:14369–14378. [PubMed: 24005290] 

Bernier BE, Whitaker LR, Morikawa H. Previous ethanol experience enhances synaptic plasticity of 
NMDA receptors in the ventral tegmental area. J Neurosci. 2011; 31:5205–5212. [PubMed: 
21471355] 

Bhandari V, Lim KL, Pallen CJ. Physical and functional interactions between receptor-like protein-
tyrosine phosphatase alpha and p59fyn. J Biol Chem. 1998; 273:8691–8698. [PubMed: 9535845] 

Morisot and Ron Page 11

Genes Brain Behav. Author manuscript; available in PMC 2018 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Boehm SL 2nd, Peden L, Chang R, Harris RA, Blednov YA. Deletion of the fyn-kinase gene alters 
behavioral sensitivity to ethanol. Alcohol Clin Exp Res. 2003; 27:1033–1040. [PubMed: 12878908] 

Boehm SL 2nd, Peden L, Jennings AW, Kojima N, Harris RA, Blednov YA. Over-expression of the 
fyn-kinase gene reduces hypnotic sensitivity to ethanol in mice. Neurosci Lett. 2004; 372:6–11. 
[PubMed: 15531078] 

Britt JP, Benaliouad F, McDevitt RA, Stuber GD, Wise RA, Bonci A. Synaptic and behavioral profile 
of multiple glutamatergic inputs to the nucleus accumbens. Neuron. 2012; 76:790–803. [PubMed: 
23177963] 

Buffington SA, Huang W, Costa-Mattioli M. Translational control in synaptic plasticity and cognitive 
dysfunction. Annu Rev Neurosci. 2014; 37:17–38. [PubMed: 25032491] 

Camp MC, Feyder M, Ihne J, Palachick B, Hurd B, Karlsson RM, Noronha B, Chen YC, Coba MP, 
Grant SG, Holmes A. A novel role for PSD-95 in mediating ethanol intoxication, drinking and 
place preference. Addiction biology. 2011; 16:428–439. [PubMed: 21309945] 

Carnicella S, Ron D, Barak S. Intermittent ethanol access schedule in rats as a preclinical model of 
alcohol abuse. Alcohol. 2014; 48:243–252. [PubMed: 24721195] 

Chin JH, Parsons LM, Goldstein DB. Increased cholesterol content of erythrocyte and brain 
membranes in ethanol-tolerant mice. Biochim Biophys Acta. 1978; 513:358–363. [PubMed: 
718898] 

Chin JH, Goldstein DB, Parsons LM. Fluidity and lipid composition of mouse biomembranes during 
adaptation to ethanol. Alcohol Clin Exp Res. 1979; 3:47–49. [PubMed: 218471] 

Cho JH, Bayazitov IT, Meloni EG, Myers KM, Carlezon WA Jr, Zakharenko SS, Bolshakov VY. 
Coactivation of thalamic and cortical pathways induces input timing-dependent plasticity in 
amygdala. Nat Neurosci. 2012; 15:113–122.

Corbit LH, Nie H, Janak PH. Habitual responding for alcohol depends upon both AMPA and D2 
receptor signaling in the dorsolateral striatum. Front Behav Neurosci. 2014; 8:301. [PubMed: 
25228865] 

Coultrap SJ, Bayer KU. CaMKII regulation in information processing and storage. Trends Neurosci. 
2012; 35:607–618. [PubMed: 22717267] 

Darcq E, Hamida SB, Wu S, Phamluong K, Kharazia V, Xu J, Lombroso P, Ron D. Inhibition of 
striatal-enriched tyrosine phosphatase 61 in the dorsomedial striatum is sufficient to increased 
ethanol consumption. J Neurochem. 2014; 129:1024–1034. [PubMed: 24588427] 

Dunah AW, Sirianni AC, Fienberg AA, Bastia E, Schwarzschild MA, Standaert DG. Dopamine D1-
dependent trafficking of striatal N-methyl-D-aspartate glutamate receptors requires Fyn protein 
tyrosine kinase but not DARPP-32. Mol Pharmacol. 2004; 65:121–129. [PubMed: 14722243] 

Dwyer JM, Duman RS. Activation of mammalian target of rapamycin and synaptogenesis: role in the 
actions of rapid-acting antidepressants. Biol Psychiatry. 2013; 73:1189–1198. [PubMed: 
23295207] 

Easton AC, Lucchesi W, Lourdusamy A, Lenz B, Solati J, Golub Y, Lewczuk P, Fernandes C, 
Desrivieres S, Dawirs RR, Moll GH, Kornhuber J, Frank J, Hoffmann P, Soyka M, Kiefer F, 
Schumann G, Peter Giese K, Muller CP. alphaCaMKII autophosphorylation controls the 
establishment of alcohol drinking behavior. Neuropsychopharmacology. 2013; 38:1636–1647. 
[PubMed: 23459588] 

Engen JR, Wales TE, Hochrein JM, Meyn MA 3rd, Banu Ozkan S, Bahar I, Smithgall TE. Structure 
and dynamic regulation of Src-family kinases. Cell Mol Life Sci. 2008; 65:3058–3073. [PubMed: 
18563293] 

Epstein DH, Preston KL, Stewart J, Shaham Y. Toward a model of drug relapse: an assessment of the 
validity of the reinstatement procedure. Psychopharmacology (Berl). 2006; 189:1–16. [PubMed: 
17019567] 

Everitt BJ, Robbins TW. From the ventral to the dorsal striatum: devolving views of their roles in drug 
addiction. Neurosci Biobehav Rev. 2013; 37:1946–1954. [PubMed: 23438892] 

Floyd DW, Jung KY, McCool BA. Chronic ethanol ingestion facilitates N-methyl-D-aspartate receptor 
function and expression in rat lateral/basolateral amygdala neurons. J Pharmacol Exp Ther. 2003; 
307:1020–1029. [PubMed: 14534353] 

Morisot and Ron Page 12

Genes Brain Behav. Author manuscript; available in PMC 2018 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Gibb SL, Hamida SB, Lanfranco MF, Ron D. Ethanol-induced increase in Fyn kinase activity in the 
dorsomedial striatum is associated with subcellular redistribution of protein tyrosine phosphatase 
alpha. J Neurochem. 2011; 119:879–889. [PubMed: 21919909] 

Goebel-Goody SM, Baum M, Paspalas CD, Fernandez SM, Carty NC, Kurup P, Lombroso PJ. 
Therapeutic implications for striatal-enriched protein tyrosine phosphatase (STEP) in 
neuropsychiatric disorders. Pharmacol Rev. 2012; 64:65–87. [PubMed: 22090472] 

Grant SG, O'Dell TJ, Karl KA, Stein PL, Soriano P, Kandel ER. Impaired long-term potentiation, 
spatial learning, and hippocampal development in fyn mutant mice. Science. 1992; 258:1903–
1910. [PubMed: 1361685] 

Grover CA, Wallace KA, Lindberg SA, Frye GD. Ethanol inhibition of NMDA currents in acutely 
dissociated medial septum/diagonal band neurons from ethanol dependent rats. Brain Res. 1998; 
782:43–52. [PubMed: 9519248] 

Gulya K, Grant KA, Valverius P, Hoffman PL, Tabakoff B. Brain regional specificity and time-course 
of changes in the NMDA receptor-ionophore complex during ethanol withdrawal. Brain Res. 
1991; 547:130–134.

Han S, Yang BZ, Kranzler HR, Liu X, Zhao H, Farrer LA, Boerwinkle E, Potash JB, Gelernter J. 
Integrating GWASs and human protein interaction networks identifies a gene subnetwork 
underlying alcohol dependence. Am J Hum Genet. 2013; 93:1027–1034. [PubMed: 24268660] 

Herring BE, Nicoll RA. Long-term potentiation: from CaMKII to AMPA receptor trafficking. Annu 
Rev Physiol. 2016; 78:351–365. [PubMed: 26863325] 

Hicklin TR, Wu PH, Radcliffe RA, Freund RK, Goebel-Goody SM, Correa PR, Proctor WR, 
Lombroso PJ, Browning MD. Alcohol inhibition of the NMDA receptor function, long-term 
potentiation, and fear learning requires striatal-enriched protein tyrosine phosphatase. Proc Natl 
Acad Sci U S A. 2011; 108:6650–6655. [PubMed: 21464302] 

Hoeffer CA, Klann E. mTOR signaling: at the crossroads of plasticity, memory and disease. Trends 
Neurosci. 2010; 33:67–75. [PubMed: 19963289] 

Hyman SE. Addiction: a disease of learning and memory. Am J Psychiatry. 2005; 162:1414–1422. 
[PubMed: 16055762] 

Hyman SE, Malenka RC, Nestler EJ. Neural mechanisms of addiction: the role of reward-related 
learning and memory. Annu Rev Neurosci. 2006; 29:565–598. [PubMed: 16776597] 

Iorio KR, Reinlib L, Tabakoff B, Hoffman PL. Chronic exposure of cerebellar granule cells to ethanol 
results in increased N-methyl-D-aspartate receptor function. Mol Pharmacol. 1992; 41:1142–1148. 
[PubMed: 1535416] 

Irvine EE, von Hertzen LS, Plattner F, Giese KP. alphaCaMKII autophosphorylation: a fast track to 
memory. Trends Neurosci. 2006; 29:459–465. [PubMed: 16806507] 

Ishiguro H, Saito T, Shibuya H, Toru M, Arinami T. Mutation and association analysis of the Fyn 
kinase gene with alcoholism and schizophrenia. Am J Med Genet. 2000; 96:716–720. [PubMed: 
11121167] 

Janak PH, Tye KM. From circuits to behaviour in the amygdala. Nature. 2015; 517:284–292. 
[PubMed: 25592533] 

Kalia LV, Salter MW. Interactions between Src family protein tyrosine kinases and PSD-95. 
Neuropharmacology. 2003; 45:720–728. [PubMed: 14529711] 

Kasai H, Fukuda M, Watanabe S, Hayashi-Takagi A, Noguchi J. Structural dynamics of dendritic 
spines in memory and cognition. Trends Neurosci. 2010; 33:121–129. [PubMed: 20138375] 

Kash et al., 2009

Kennedy MB. Signal-processing machines at the postsynaptic density. Science. 2000; 290:750–754. 
[PubMed: 11052931] 

Koob GF. Alcoholism: allostasis and beyond. Alcohol Clin Exp Res. 2003; 27:232–243. [PubMed: 
12605072] 

Koob GF, Volkow ND. Neurocircuitry of addiction. Neuropsychopharmacology. 2010; 35:217–238. 
[PubMed: 19710631] 

Laguesse S, Morisot N, Phamluong K, Ron D. Region specific activation of the AKT and mTORC1 
pathway in response to excessive alcohol intake in rodents. Addict Biol. 2016 Oct 20. in press. 
Epub ahead of print. doi: 10.1111/adb.12464

Morisot and Ron Page 13

Genes Brain Behav. Author manuscript; available in PMC 2018 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Legastelois R, Darcq E, Wegner SA, Lombroso PJ, Ron D. Striatal-enriched protein tyrosine 
phosphatase controls responses to aversive stimuli: implication for ethanol drinking. PLoS One. 
2015; 10:e0127408. [PubMed: 25992601] 

Lei G, Xue S, Chery N, Liu Q, Xu J, Kwan CL, Fu YP, Lu YM, Liu M, Harder KW, Yu XM. Gain 
control of N-methyl-D-aspartate receptor activity by receptor-like protein tyrosine phosphatase 
alpha. EMBO J. 2002; 21:2977–2989. [PubMed: 12065411] 

Li N, Lee B, Liu RJ, Banasr M, Dwyer JM, Iwata M, Li XY, Aghajanian G, Duman RS. mTOR-
dependent synapse formation underlies the rapid antidepressant effects of NMDA antagonists. 
Science. 2010; 329:959–964. [PubMed: 20724638] 

Liu F, Laguesse S, Legastelois R, Morisot N, Ben Hamida S, Ron D. mTORC1-dependent translation 
of collapsin response mediator protein-2 drives neuroadaptations underlying excessive alcohol-
drinking behaviors. Mol Psychiatry. 2016

Lovinger DM, White G, Weight FF. Ethanol inhibits NMDA-activated ion current in hippocampal 
neurons. Science. 1989; 243:1721–1724. [PubMed: 2467382] 

Maksumova L, Le HT, Muratkhodjaev F, Davidson D, Veillette A, Pallen CJ. Protein tyrosine 
phosphatase alpha regulates Fyn activity and Cbp/PAG phosphorylation in thymocyte lipid rafts. J 
Immunol. 2005; 175:7947–7956. [PubMed: 16339530] 

Malenka RC. The long-term potential of LTP. Nat Rev Neurosci. 2003; 4:923–926. [PubMed: 
14595403] 

Malinow R, Malenka RC. AMPA receptor trafficking and synaptic plasticity. Annu Rev Neurosci. 
2002; 25:103–126. [PubMed: 12052905] 

Matsuzaki M, Honkura N, Ellis-Davies GC, Kasai H. Structural basis of long-term potentiation in 
single dendritic spines. Nature. 2004; 429:761–766. [PubMed: 15190253] 

Mayford M, Siegelbaum SA, Kandel ER. Synapses and memory storage. Cold Spring Harb Perspect 
Biol. 2012; 4:a005751. [PubMed: 22496389] 

Meyers JL, Salling MC, Almli LM, Ratanatharathorn A, Uddin M, Galea S, Wildman DE, Aiello AE, 
Bradley B, Ressler K, Koenen KC. Frequency of alcohol consumption in humans; the role of 
metabotropic glutamate receptors and downstream signaling pathways. Transl Psychiatry. 2015; 
5:e586. [PubMed: 26101849] 

Miyakawa T, Yagi T, Kitazawa H, Yasuda M, Kawai N, Tsuboi K, Niki H. Fyn-kinase as a determinant 
of ethanol sensitivity: relation to NMDA-receptor function. Science. 1997; 278:698–701. 
[PubMed: 9381182] 

Muller CP, Quednow BB, Lourdusamy A, Kornhuber J, Schumann G, Giese KP. CaM kinases: from 
memories to addiction. Trends Pharmacol Sci. 2016; 37:153–166. [PubMed: 26674562] 

Nakazawa T, Komai S, Tezuka T, Hisatsune C, Umemori H, Semba K, Mishina M, Manabe T, 
Yamamoto T. Characterization of Fyn-mediated tyrosine phosphorylation sites on GluR epsilon 2 
(NR2B) subunit of the N-methyl-D-aspartate receptor. J Biol Chem. 2001; 276:693–699. 
[PubMed: 11024032] 

Neasta J, Ben Hamida S, Yowell Q, Carnicella S, Ron D. Role for mammalian target of rapamycin 
complex 1 signaling in neuroadaptations underlying alcohol-related disorders. Proc Natl Acad Sci 
U S A. 2010; 107:20093–20098. [PubMed: 21041654] 

Nestler EJ. Molecular basis of long-term plasticity underlying addiction. Nat Rev Neurosci. 2001; 
2:119–128. [PubMed: 11252991] 

Ohnishi H, Murata Y, Okazawa H, Matozaki T. Src family kinases: modulators of neurotransmitter 
receptor function and behavior. Trends Neurosci. 2011; 34:629–637. [PubMed: 22051158] 

Pastor IJ, Laso FJ, Ines S, Marcos M, Gonzalez-Sarmiento R. Genetic association between -93A/G 
polymorphism in the Fyn kinase gene and alcohol dependence in Spanish men. Eur Psychiatry. 
2009; 24:191–194. [PubMed: 18849153] 

Paul S, Olausson P, Venkitaramani DV, Ruchkina I, Moran TD, Tronson N, Mills E, Hakim S, Salter 
MW, Taylor JR, Lombroso PJ. The striatal-enriched protein tyrosine phosphatase gates long-term 
potentiation and fear memory in the lateral amygdala. Biol Psychiatry. 2007; 61:1049–1061. 
[PubMed: 17081505] 

Morisot and Ron Page 14

Genes Brain Behav. Author manuscript; available in PMC 2018 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Ponniah S, Wang DZ, Lim KL, Pallen CJ. Targeted disruption of the tyrosine phosphatase PTPalpha 
leads to constitutive downregulation of the kinases Src and Fyn. Curr Biol. 1999; 9:535–538. 
[PubMed: 10339428] 

Prybylowski K, Chang K, Sans N, Kan L, Vicini S, Wenthold RJ. The synaptic localization of NR2B-
containing NMDA receptors is controlled by interactions with PDZ proteins and AP-2. Neuron. 
2005; 47:845–857. [PubMed: 16157279] 

Ron D. Signaling cascades regulating NMDA receptor sensitivity to ethanol. Neuroscientist. 2004; 
10:325–336. [PubMed: 15271260] 

Ron D, Barak S. Molecular mechanisms underlying alcohol-drinking behaviours. Nat Rev Neurosci. 
2016; 17:576–591. [PubMed: 27444358] 

Ron, D., Wang, J. The NMDA receptor and alcohol addiction Chapter 4. In: VanDongen, AMJ., editor. 
Biology of the NMDA Receptor. Taylor and Francis/CRC Press; Boca Raton: 2009. p. 59-77.

Rong Y, Lu X, Bernard A, Khrestchatisky M, Baudry M. Tyrosine phosphorylation of ionotropic 
glutamate receptors by Fyn or Src differentially modulates their susceptibility to calpain and 
enhances their binding to spectrin and PSD-95. Journal of neurochemistry. 2001; 79:382–390. 
[PubMed: 11677266] 

Salling MC, Faccidomo SP, Li C, Psilos K, Galunas C, Spanos M, Agoglia AE, Kash TL, Hodge CW. 
Moderate alcohol drinking and the amygdala proteome: identification and validation of calcium/
calmodulin dependent kinase II and AMPA receptor activity as novel molecular mechanisms of the 
positive reinforcing effects of alcohol. Biol Psychiatry. 2014

Salter MW, Kalia LV. Src kinases: a hub for NMDA receptor regulation. Nat Rev Neurosci. 2004; 
5:317–328. [PubMed: 15034556] 

Santini E, Huynh TN, Klann E. Mechanisms of translation control underlying long-lasting synaptic 
plasticity and the consolidation of long-term memory. Prog Mol Biol Transl Sci. 2014; 122:131–
167. [PubMed: 24484700] 

Sato Y, Tao YX, Su Q, Johns RA. Post-synaptic density-93 mediates tyrosine-phosphorylation of the 
N-methyl-D-aspartate receptors. Neuroscience. 2008; 153:700–708. [PubMed: 18423999] 

Schumann G, Rujescu D, Kissling C, Soyka M, Dahmen N, Preuss UW, Wieman S, Depner M, Wellek 
S, Lascorz J, Bondy B, Giegling I, Anghelescu I, Cowen MS, Poustka A, Spanagel R, Mann K, 
Henn FA, Szegedi A. Analysis of genetic variations of protein tyrosine kinase fyn and their 
association with alcohol dependence in two independent cohorts. Biol Psychiatry. 2003; 54:1422–
1426. [PubMed: 14675807] 

Sesack SR, Grace AA. Cortico-basal ganglia reward network: microcircuitry. 
Neuropsychopharmacology. 2010; 35:27–47. [PubMed: 19675534] 

Smothers CT, Mrotek JJ, Lovinger DM. Chronic ethanol exposure leads to a selective enhancement of 
N-methyl-D-aspartate receptor function in cultured hippocampal neurons. J Pharmacol Exp Ther. 
1997; 283:1214–1222. [PubMed: 9399996] 

Snyder EM, Nong Y, Almeida CG, Paul S, Moran T, Choi EY, Nairn AC, Salter MW, Lombroso PJ, 
Gouras GK, Greengard P. Regulation of NMDA receptor trafficking by amyloid-beta. Nat 
Neurosci. 2005; 8:1051–1058. [PubMed: 16025111] 

Su J, Muranjan M, Sap J. Receptor protein tyrosine phosphatase alpha activates Src-family kinases and 
controls integrin-mediated responses in fibroblasts. Curr Biol. 1999; 9:505–511. [PubMed: 
10339427] 

Svenningsson P, Nishi A, Fisone G, Girault JA, Nairn AC, Greengard P. DARPP-32: an integrator of 
neurotransmission. Annu Rev Pharmacol Toxicol. 2004; 44:269–296. [PubMed: 14744247] 

Taylor CJ, Ohline SM, Moss T, Ulrich K, Abraham WC. The persistence of long-term potentiation in 
the projection from ventral hippocampus to medial prefrontal cortex in awake rats. Eur J Neurosci. 
2016; 43:811–822. [PubMed: 26750170] 

Tezuka T, Umemori H, Akiyama T, Nakanishi S, Yamamoto T. PSD-95 promotes Fyn-mediated 
tyrosine phosphorylation of the N-methyl-D-aspartate receptor subunit NR2A. Proc Natl Acad Sci 
U S A. 1999; 96:435–440. [PubMed: 9892651] 

Torregrossa MM, Corlett PR, Taylor JR. Aberrant learning and memory in addiction. Neurobiol Learn 
Mem. 2011; 96:609–623. [PubMed: 21376820] 

Morisot and Ron Page 15

Genes Brain Behav. Author manuscript; available in PMC 2018 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Traynelis SF, Wollmuth LP, McBain CJ, Menniti FS, Vance KM, Ogden KK, Hansen KB, Yuan H, 
Myers SJ, Dingledine R. Glutamate receptor ion channels: structure, regulation, and function. 
Pharmacol Rev. 2010; 62:405–496. [PubMed: 20716669] 

Trepanier CH, Jackson MF, MacDonald JF. Regulation of NMDA receptors by the tyrosine kinase Fyn. 
FEBS J. 2012; 279:12–19. [PubMed: 21985328] 

Vacaresse N, Moller B, Danielsen EM, Okada M, Sap J. Activation of c-Src and Fyn kinases by 
protein-tyrosine phosphatase RPTPalpha is substrate-specific and compatible with lipid raft 
localization. J Biol Chem. 2008; 283:35815–35824. [PubMed: 18948260] 

Vacaru AM, den Hertog J. Serine dephosphorylation of receptor protein tyrosine phosphatase alpha in 
mitosis induces Src binding and activation. Mol Cell Biol. 2010; 30:2850–2861. [PubMed: 
20385765] 

Wang J, Carnicella S, Phamluong K, Jeanblanc J, Ronesi JA, Chaudhri N, Janak PH, Lovinger DM, 
Ron D. Ethanol induces long-term facilitation of NR2B-NMDA receptor activity in the dorsal 
striatum: implications for alcohol drinking behavior. J Neurosci. 2007; 27:3593–3602. [PubMed: 
17392475] 

Wang J, Lanfranco MF, Gibb SL, Yowell QV, Carnicella S, Ron D. Long-lasting adaptations of the 
NR2B-containing NMDA receptors in the dorsomedial striatum play a crucial role in alcohol 
consumption and relapse. J Neurosci. 2010; 30:10187–10198. [PubMed: 20668202] 

Wang J, Lanfranco MF, Gibb SL, Ron D. Ethanol-mediated long-lasting adaptations of the NR2B-
containing NMDA receptors in the dorsomedial striatum. Channels (Austin). 2011; 5:205–209. 
[PubMed: 21289476] 

Wang J, Ben Hamida S, Darcq E, Zhu W, Gibb SL, Lanfranco MF, Carnicella S, Ron D. Ethanol-
mediated facilitation of AMPA receptor function in the dorsomedial striatum: implications for 
alcohol drinking behavior. J Neurosci. 2012; 32:15124–15132. [PubMed: 23100433] 

Won S, Incontro S, Nicoll RA, Roche KW. PSD-95 stabilizes NMDA receptors by inducing the 
degradation of STEP61. Proceedings of the National Academy of Sciences of the United States of 
America. 2016; 113:E4736–4744. [PubMed: 27457929] 

Wu PH, Coultrap SJ, Browning MD, Proctor WR. Functional adaptation of the Nmethyl-D-aspartate 
receptor to inhibition by ethanol is modulated by striatal-enriched protein tyrosine phosphatase and 
p38 mitogen-activated protein kinase. Mol Pharmacol. 2011; 80:529–537. [PubMed: 21680777] 

Xu J, Kurup P, Foscue E, Lombroso PJ. Striatal-enriched protein tyrosine phosphatase regulates the 
PTPalpha/Fyn signaling pathway. J Neurochem. 2015; 134:629–641. [PubMed: 25951993] 

Yagi T. Molecular mechanisms of Fyn-tyrosine kinase for regulating mammalian behaviors and 
ethanol sensitivity. Biochem Pharmacol. 1999; 57:845–850. [PubMed: 10086316] 

Yaka R, Thornton C, Vagts AJ, Phamluong K, Bonci A, Ron D. NMDA receptor function is regulated 
by the inhibitory scaffolding protein, RACK1. Proc Natl Acad Sci U S A. 2002; 99:5710–5715. 
[PubMed: 11943848] 

Yaka R, He DY, Phamluong K, Ron D. Pituitary adenylate cyclase-activating polypeptide 
(PACAP(1-38)) enhances N-methyl-D-aspartate receptor function and brain-derived neurotrophic 
factor expression via RACK1. J Biol Chem. 2003a; 278:9630–9638. [PubMed: 12524444] 

Yaka R, Phamluong K, Ron D. Scaffolding of Fyn kinase to the NMDA receptor determines brain 
region sensitivity to ethanol. J Neurosci. 2003b; 23:3623–3632. [PubMed: 12736333] 

Yaka R, Tang KC, Camarini R, Janak PH, Ron D. Fyn kinase and NR2B-containing NMDA receptors 
regulate acute ethanol sensitivity but not ethanol intake or conditioned reward. Alcohol Clin Exp 
Res. 2003c; 27:1736–1742. [PubMed: 14634488] 

Yin HH, Knowlton BJ. The role of the basal ganglia in habit formation. Nat Rev Neurosci. 2006; 
7:464–476. [PubMed: 16715055] 

Zheng XM, Resnick RJ, Shalloway D. A phosphotyrosine displacement mechanism for activation of 
Src by PTPalpha. EMBO J. 2000; 19:964–978. [PubMed: 10698938] 

Morisot and Ron Page 16

Genes Brain Behav. Author manuscript; available in PMC 2018 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. Moderate consumption of alcohol does not trigger Fyn activation in the DMS
Mice had CA10% (black) or water only (white) in a 2BC paradigm for 21 days, and the 

DMS was dissected immediately after the last 24-h alcohol drinking session. (a) 

pY417/420[Fyn/Src] as well as the total protein level of Fyn and actin, which was used as a 

loading control, were measured by western blot analysis. (b) Histogram shows the mean 

ratio of pY417/420[Fyn/Src] to total Fyn ± SEM, expressed as percentage of water controls. 

Data analysis indicates that CA10% does not affect Fyn activation in the DMS (t10 = 0.92, P 
= 0.38, unpaired Student's t-test). n = 6.
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Figure 2. Molecular pathways transducing alcohol's signal in the DMS
Alcohol activates PKA, which phosphorylates STEP inhibiting the activity of the 

phosphatase. Inhibition of STEP allows for the long-lasting activation of Fyn. Alcohol also 

enables the membranal colocalization of Fyn with its activator PTPalpha. Active Fyn 

phosphorylates GluN2B, which enhances the activity of the channel. Calcium entry through 

the GluN2B-containing NMDARs enables the activation of CaMKII. CaMKII activation 

promotes the forward trafficking of the AMPAR subunits, which in turn contributes to 

synaptic plasticity and alcohol dependent behavioral phenotypes.

Morisot and Ron Page 18

Genes Brain Behav. Author manuscript; available in PMC 2018 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. Molecular pathways transducing alcohol's signal in the NAc
Alcohol inhibits the activity of the NMDARs, which may contribute to the activation of 

mTORC1. mTORC1 phosphorylates its downstream substrates 4-eukaryote binding protein 

(4-EBP) and the ribosomal protein S6 kinase (S6K) resulting in the induction of the 

translational machinery and in the translation of the microtubule-binding protein (CRMP-2), 

the scaffolding proteins HOMER and PSD-95 as well as the GluA1 subunit of AMPAR, all 

of which play a major role in synaptic plasticity and alcohol-related phenotypes.
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