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Abstract

Alcohol exposure alters the signaling of the serotoninergic system, which is involved in alcohol 

consumption, reward and dependence. In particular, dysregulation of serotonin receptor type 

1A (5-HT1AR) is associated with alcohol intake and withdrawal-induced anxiety- like behavior 

in rodents. However, how ethanol regulates 5-HT1AR activity and cell surface availability 

remains elusive. Using neuroblastoma 2a cells (N2A) stably expressing human 5-HT1ARs 

tagged with hemagglutinin (HA) at the N-terminus, we found that prolonged ethanol exposure 
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(18 hrs) reduced the basal surface levels of 5-HT1ARs in a concentration-dependent manner. 

This reduction is attributed to both enhanced receptor internalization and attenuated receptor 

recycling. Moreover, constitutive 5-HT1AR internalization in ethanol naïve cells was blocked by 

concanavalin A (ConA) but not nystatin, suggesting clathrin-dependent 5-HT1AR internalization. 

In contrast, constitutive 5-HT1AR internalization in ethanol-treated cells was blocked by 

nystatin but not by ConA, indicating that constitutive 5-HT1AR internalization switched from a 

clathrin- to a caveolin-dependent pathway. Dynasore, an inhibitor of dynamin, blocked 5-HT1AR 

internalization in both vehicle- and ethanol-treated cells. Furthermore, ethanol exposure enhanced 

the activity of dynamin I via dephosphorylation and reduced myosin Va levels, which may 

contribute to increased internalization and reduced recycling of 5-HT1ARs, respectively. Our 

findings suggest that prolonged ethanol exposure not only alters the endocytic trafficking of 

5-HT1ARs but also the mechanism by which constitutive 5-HT1AR internalization occurs.

Graphical Abstract

Prolonged ethanol exposure to neuroblastoma cells stably expressing hemagglutinin (HA)-

tagged human serotonin type 1A (5-HT1A) receptors increases constitutive 5-HT1A receptor 

internalization and decreases its recycling, resulting in decreased basal surface 5-HT1A receptor 

levels. Moreover, ethanol exposure switches constitutive 5-HT1A receptor internalization from 

a clathrin-dependent to a clathrin-independent pathway. Changes in the expression and activity 

of proteins critically involved in endosomal trafficking may contribute to ethanol-mediated 

dysregulation of constitutive 5-HT1A receptor trafficking.
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1. Introduction

The serotonergic system plays an important role in the pathology of alcohol use disorder 

(AUD) regulating alcohol consumption, preference, reward and dependence [see review 

in (Sari et al. 2011)]. Postmortem analysis of alcohol-dependent subjects shows increased 

serotonin (5-HT) turnover, and thus reduced serotonin levels, in the striatum (Kashem et 
al. 2016). Likewise, low levels of serotonin have been associated with enhanced ethanol 

intake and preference in rodents (Gongwer et al. 1989). Among the 5-HT receptors, 5-
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HT1A receptors (5-HT1ARs) are particularly interesting because of their distribution in 

the limbic system and their involvement in both alcohol intake and withdrawal-induced 

anxiety-like behavior (Belmer et al. 2018). The 5-HT1AR is a class A G-protein coupled 

receptor (GPCR) and couples to inhibitory Gαi/o proteins. When located on the dendrites 

of serotonergic neurons, 5-HT1ARs function as autoreceptors to inhibit 5-HT release 

(Hamon et al. 1988; Verge et al. 1985). When located on postsynaptic membranes of 

non-serotonergic neurons, 5-HT1ARs regulate the release of other neurotransmitters such as 

dopamine and norepinephrine (Benloucif & Galloway 1991; Schechter et al. 1990; Verge et 
al. 1986).

Ethanol exposure alters the availability of 5-HT1ARs on plasma membranes. For example, 

autoradiographic analysis of 5-HT1AR antagonist [3H]WAY-100635 on postmortem brain 

reveals a reduction in the density of membrane 5-HT1ARs in the perigenual anterior 

cingulate cortex of individuals with AUD (Storvik et al. 2009). Similarly, there is a 

drastic reduction (38–86%) in the binding of [3H]8-OH-DPAT, a 5-HT1AR agonist, in 

the frontal-parietal area of patients with AUD (Dillon et al. 1991). In contrast, chronic 

ethanol self-administration (12 months) without withdrawal increases 5-HT1AR levels in the 

posterior dentate gyrus of adult cynomolgus macaques measured by in vitro autoradiography 

using [3H]MPPF, a 5-HT1AR antagonist (Burnett et al. 2014). The discrepancy of these 

experiments is attributed to experimental variation in ethanol concentration, the duration 

and route of ethanol treatment, ethanol withdrawal length, and ligands used for measure of 

5-HT1AR levels. To date, it is unknown whether ethanol exposure alters the availability of 

basal surface 5-HT1AR levels by influencing constitutive internalization, recycling, and/or 

degradation of 5-HT1ARs.

Upon agonist binding to 5-HT1ARs, receptors are phosphorylated and β-arrestins are 

recruited to the receptors to initiate receptor internalization. The internalized receptors are 

either recycled back to cell surface or targeted for degradation (Kumar & Chattopadhyay 

2021). In addition to agonist-induced trafficking, 5-HT1ARs can undergo constitutive 

internalization, primarily through the clathrin-mediated pathway, and the majority of 5-

HT1ARs are recycled back to plasma membranes via recycling endosomes (Kumar et al. 
2019). Given that receptor trafficking influences the level of surface receptors and agonist 

binding, it is critical to understand how ethanol exposure regulates constitutive receptor 

internalization and recycling.

Previously, we reported that a single binge-like alcohol exposure to Sprague-Dawley rats 

(12 hr ethanol vapor exposure without withdrawal, ~200 mg/dL blood concentration levels) 

produced some aspects of changes that were also observed in neuroblastoma 2a (N2A) cells 

treated with ethanol (15–75 mM) for 18 hrs (Luessen et al. 2019). These changes include 

reduced arrestin expression, increased arrestin ubiquitination and an increased coupling 

between arrestin and an E3 ligase. Using this same ethanol treatment paradigm, we herein 

investigated the effect of ethanol exposure on constitutive internalization and recycling of 

5-HT1ARs in N2A cells stably expressing human 5-HT1ARs. The expression and activity of 

key components involved in endosomal trafficking such as clathrin, dynamin I, and myosin 

Va were also determined following ethanol exposure.
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2. Materials and Methods

The current study was not pre-registered. No randomization procedures were applied in the 

study. There were no pre-determined data exclusion criteria.

2.1 Materials

Ethanol was purchased from Invitrogen (cat#615101000). Concanavalin A (cat#C5275), 

nystatin (cat#N6261) and dynasore (cat#304448–55-3) were purchased from 

MilliporeSigma. All the other chemicals were purchased from MilliporeSigma or Thermo 

Fisher Scientific unless otherwise specified.

2.2 Cell culture

N2A cells stably expressing 5-HT1ARs with an HA-tag at the N-terminus (N2A-5-

HT1ARs) were generated in our laboratory as described previously (Luessen et al. 
2019). This cell line is not commonly misidentified by the International Cell Line 

Authentication Committee. Cells show consistent morphology and are routinely checked 

for mycoplasma contamination. Cells were cultured in Dulbecco’s modified Eagle’s medium 

supplemented with 10% fetal bovine serum (Gibco™ cat#10082147), 100 U/mL penicillin 

and streptomycin (Gibco™ cat#15140148). The stable expression of 5-HT1ARs was 

maintained in the presence of 400 μg/mL geneticin (Gibco™ cat#10131035). The cells 

were split every 4–5 days using 0.05% trypsin and 0.53 mM ethylenediaminetetraacetic acid 

(Invitrogen cat#AM9912). The passage number for experiments was between 9 and 12. No 

blinding procedure was used for experiments. Institutional ethics approval was not required 

for the present study.

2.2. Prolonged ethanol treatment to N2A-5-HT1AR cells

Cells were treated with ethanol at either 15, 30, or 75 mM concentration for 18 hrs prior 

to each experiment. Control cells were treated with culture medium. To maintain stable 

ethanol levels during the treatment, cell plates were placed within a closed polypropylene 

box alongside an open culture dish of a matching ethanol concentration. We previously 

reported a minimal loss of ethanol (3.13 ± 0.85%) over 18 hrs under this treatment condition 

(Luessen et al. 2019).

2.3 Immunocytochemistry of basal surface expression of 5-HT1ARs

To determine the effect of prolonged ethanol exposure on the surface expression of 5-

HT1ARs, surface and intracellular receptors were labeled using different fluorophores. 

Briefly, cells were plated on coverslips, rinsed with cold phosphate buffered saline (PBS), 

and blocked with 4% normal goat serum (NGS) (Gibco™ cat#PCN5000) in PBS at 4°C 

for 30 min. Surface 5-HT1ARs were labeled with rabbit anti-HA (Novus Biologicals 

cat#NB600–363) for 60 min, followed by incubation with goat anti-rabbit Alexa Fluor 594 

(Invitrogen cat#A-11012) for 45 min at 4°C. Cells were then fixed with 4% formaldehyde 

for 15 min and permeabilized using the blocking buffer containing 0.1% Triton x-100 for 

10 min. Next, intracellular 5-HT1ARs were labeled with mouse anti-HA (MilliporeSigma, 

H3663) for 60 min and probed with goat anti-mouse Alexa Fluor 488 (Invitrogen 

cat#A-10680) for 45 min at room temperature. Coverslips were mounted using Prolong 
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Gold mounting reagent (Invitrogen, P36930) and imaged via confocal microscopy. Surface 

5-HT1AR levels were calculated as a ratio of the fluorescence intensity of Alexa Fluor 594 

to that of Alexa Fluor 488 and 594 combined (surface/total 5-HT1ARs). Experiments were 

repeated at least three times and 15–25 cells from each group were analyzed from each 

experiment. Data are presented relative to the vehicle treatment.

Fluorescence images were captured using a Zeiss LSM 880 confocal laser scanning 

microscope equipped with a 60x/NA 1.4 PlanApo oil-immersion objective. Argon, DPSS, 

and Diode lasers were used to excite Alexa Fluor 488, Alexa Fluor 594, and DAPI signals 

at 488, 561, and 405 nm, respectively. All images were acquired under a similar excitation 

intensity, detector sensitivity, and pinhole settings to minimize cross-laser excitation and 

bleed-through and to allow for between-sample intensity comparisons. Images used for 

analysis were obtained by taking a Z-axis stack of image planes (1024 × 1024 pixels) 

with 2 μm steps encompassing the entire cell structure and combining image planes into a 

maximum intensity projection stack as described (Bonda et al. 2020; Shihan et al. 2021). 

The maximum fluorescence intensity was quantitated for each channel using FIJI software 

(NIH). Representative images were all modified using Gaussian blur for presentation 

purpose only.

2.4. Constitutive Internalization

The effect of prolonged ethanol exposure on constitutive internalization of 5-HT1ARs was 

measured using an antibody feeding technique as previously described (Luessen et al. 
2019; Luessen et al. 2016). After blocking with 4% NGS for 30 min, surface 5-HT1ARs 

were labeled with rabbit anti-HA (Novus Biologicals cat#NB600–363) for 60 min at 4°C. 

Cells were then incubated at 37°C for 30 min to induce the internalization of the primary 

antibody-bound surface 5-HT1ARs. Internalization was terminated at 5, 15, or 30 min by 

washing with cold PBS and returning the cells to 4°C. The remaining primary antibody-

bound surface 5-HT1ARs were probed using goat anti-rabbit Alexa Fluor 594 (Invitrogen 

cat#A-11012). Next, cells were fixed and permeabilized followed by probing internalized 

5-HT1ARs with goat anti-rabbit Alexa Fluor 488 (Invitrogen cat#A32731TR). Images were 

obtained by taking a Z-axis stack of image planes using confocal microscopy as described 

above. The intensity of Alexa Fluor 488 and 594 was quantitated, and constitutive 5-HT1AR 

internalization was calculated as a ratio of fluorescence intensity of Alexa Fluor 488 over 

that of Alexa Fluor 594 and 488 combined (internalized/total surface 5-HT1ARs) at an 

indicated time. Data are presented relative to basal levels of 5-HT1ARs for each treatment 

condition.

To determine whether 5-HT1ARs underwent clathrin-, caveolin- or dynamin-dependent 

internalization, cells were treated with ConA (250 μg/mL, 1 hr at 37°C), nystatin (25 μg/ml, 

30 min at 37°C), or dynasore (20 μM, 15 min at 37°C) prior to measure of receptor 

internalization. These experimental conditions were chosen based on previous publications 

(Luessen et al. 2016; Jones et al. 2012; Gao et al. 2019).
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2.5 Constitutive Recycling

The effect of prolonged ethanol exposure on constitutive recycling of 5-HT1ARs was 

determined as described previously (Luessen et al. 2016). Surface 5-HT1ARs were 

labeled with rabbit anti-HA (Novus Biologicals cat#NB600–363) for 60 min at 4°C, 

followed by warming up cells to 37°C to induce receptor internalization. Any remaining, 

non-internalized antibody-bound 5-HT1ARs on the surface were blocked at 4°C using 

non-fluorescent secondary antibody goat anti-rabbit IgG-HRP (Cell Signaling Technology 

cat#7074P2). Cells were again warmed up to 37°C to allow internalized 5-HT1ARs to 

recycle back to the surface in 5, 15, or 30 min. The recycled 5-HT1ARs on the surface 

were probed with goat anti-rabbit Alexa Fluor 488 (Invitrogen cat#A32731TR). After 

fixation and permeabilization, internal (non-recycled) 5-HT1ARs were labeled using goat 

anti-rabbit Alexa Fluor 594 (Invitrogen cat#A-11012). Similar to internalization, the amount 

of recycling was calculated as a ratio of the intensity of Alexa Fluor 488 over that of Alexa 

Fluor 488 and 594 combined (recycled 5-HT1ARs/total surface 5-HT1ARs before assay) at 

an indicated time. Data are presented relative to basal 5-HT1AR levels for each treatment 

condition.

2.6 The co-localization of Rab proteins with 5-HT1ARs

To determine whether prolonged ethanol exposure altered the endocytic fate of 5-HT1ARs, 

the co-localizations of 5-HT1ARs with Rab4, Rab5, Rab11 and LAMP1 were determined by 

confocal microscopy. Briefly, following fixation and permeabilization, cells were incubated 

with either rabbit anti-HA tag (Novus Biologicals cat#NB600–363) or mouse anti-HA tag 

(MilliporeSigma cat#H3663) along with an antibody against Rab4 (mouse anti-Rab4A, 

Santa-Cruz cat#sc-312), Rab5 (mouse anti-Rab5, Santa-Cruz cat#sc-46692), Rab11 (rabbit 

anti-Rab11, Santa-Cruz cat#sc-9020), or LAMP1 (mouse anti-LAMP1, Thermo Fisher 

Scientific cat#MA1–164) for 60 min at room temperature. Then, secondary antibody goat 

anti-mouse Alexa Fluor 488 (Invitrogen cat#A-10680), goat anti-rabbit Alexa Fluor 488 

(Invitrogen cat#A32731TR), goat anti-rabbit Alexa Fluor 594 (Invitrogen cat#A-11012), or 

goat anti-mouse Alexa Fluor 594 (Invitrogen cat#A-11005) was applied accordingly. The co-

localizations of Rab proteins with 5-HT1ARs were quantified in a z-stack using the Coloc2 

plugin in FIJI software (NIH) as previously described (Luessen et al. 2016; Luessen et al. 
2019). The co-localization between Rab proteins and 5-HT1ARs was illustrated as yellow 

overlapped pixels. To determine the spatial overlap between Rab proteins and 5-HT1ARs, 

the background was removed and the intensity of each fluorescence signal was processed by 

thresholding. This method allows the conversion of an image from color to grayscale into a 

binary image so that images can be easily analyzed. Pearson’s correlation coefficients were 

generated for individual cells and averaged across cells for each group.

2.7 Biotinylation of surface 5-HT1ARs

As a complementary approach to immunofluorescence labeling of surface 5-HT1ARs, 

surface 5-HT1AR levels were also examined by surface biotinylation as previously 

described (Chen et al. 2013). Briefly, cells were washed with cold PBS and then incubated 

with non-membrane permeable sulfo-NHS-SS-biotin (1.5 mg/mL, Thermo Fisher Scientific 

cat#21331) in PBS/Ca/Mg for 90 min at 4°C. Excess biotin was quenched with 0.1 M 
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glycine in PBS at 4°C for 15 min. Next, cells were solubilized using a buffer containing 50 

mM Tris-base, 150 mM NaCl, and 1% Triton X-100 and protease and phosphatase inhibitor 

cocktails (MilliporeSigma cat#PPC1010). Biotinylated proteins were pulled down by 

streptavidin beads (Santa-Cruz, sc-2003) overnight at 4°C. Biotinylated proteins were then 

eluted from the beads with the SDS-loading buffer containing dithiothreitol (MilliporeSigma 

cat#10197777001). Total protein concentrations were measured using a Pierce BCA Protein 

Assay Kit (Thermo Fisher Scientific cat#23227).

Total and biotinylated proteins were separated by 10% SDS-PAGE gel electrophoresis 

and then transferred to nitrocellulose membranes (Thermo Fisher Scientific cat#88018). 

Membranes were blocked with 5% non-fat milk in Tris-buffered saline supplemented 

with 1% Tween-20. The 5-HT1ARs were probed with rabbit anti-HA (Novus Biologicals 

cat#NB600–363) at 4°C overnight followed by incubation with goat anti-rabbit 

IgG-HRP (Cell Signaling, cat#7074S). Proteins were visualized using North2Sourth 

Chemiluminescence Substrate Kit (Thermo Fisher Scientific cat#17295) or SuperSignal 

West Pico PLUS Chemiluminescence Substrate Kit (Thermo Fisher Scientific cat#34577). 

The signals were captured using a Bio-Rad Chemi Doc-Touch system. The density of 

each band was quantified using FIJI software. The amount of biotinylated 5-HT1ARs 

was determined as a ratio of biotinylated 5-HT1ARs to total 5-HT1ARs as we previously 

described for biotinylation of other membrane proteins (Chen et al. 2013; Furman et al. 
2009; Chen et al. 2009; Chen et al. 2007). The intensity of total 5-HT1ARs is normalized to 

that of GAPDH (Cell Signaling cat#5174), an internal control. Data are presented as relative 

to the vehicle treatment for each condition.

2.8 Western blotting

Western blot was performed to measure the total levels of 5-HT1ARs, Rab proteins, 

clathrin, myosin V, phospho-dynamin I, and dynamin I in vehicle and ethanol-treated 

cells. Cells were lysed with a solubilization buffer containing protease and phosphatase 

inhibitor cocktails (MilliporeSigma cat#PPC1010). Equal amounts of proteins were 

loaded in 10% or 12% SDS-PAGE gels for gel electrophoresis and then transferred to 

nitrocellulose membranes. The following primary antibodies were used: rabbit anti-HA 

(Novus Biologicals cat# NB600–363), mouse anti-Rab4A (Santa-Cruz cat# sc-312), mouse 

anti-Rab5 (Santa-Cruz cat#sc-46692), rabbit anti-Rab11 (Santa-Cruz cat# sc-9020), mouse 

anti-clathrin heavy chain (Santa-Cruz cat#sc-12734), mouse anti-myosin Va (Santa-Cruz 

cat# sc-365986), mouse anti-phospho-dynamin-I (DHSB cat#3D3), and rabbit anti-dynamin-

I (Invitrogen cat#pa1–660). The secondary antibodies including goat anti-mouse IgG-HRP 

(Invitrogen cat# G-21040) and goat anti-rabbit IgG-HRP (Cell Signaling cat# cat#7074S) 

were applied accordingly. The band intensity was quantified using FIJI software and the 

relative intensity of each band was normalized to that of GAPDH. Data are presented as 

relative to the vehicle treatment for each condition.

2.9 Statistical Analysis

GraphPad Prism 9 (Graphpad, San Diego, CA) was used for data plotting and analysis. 

No sample size calculations were performed and the number of repeat for each type of 

experiment was determined based on previous publications (Luessen et al. 2019; Luessen et 
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al. 2016; Chen et al. 2013; Furman et al. 2009). Data were not analyzed for normality prior 

to statistical analyses. Non-parametric analyses were not performed. All data are presented 

as mean ± SEM. Differences in 5-HT1AR surface expression, total protein expression and 

the co-localization were determined using a one-way analysis of variance (ANOVA). A two-

way ANOVA was applied to examine group differences in the time course of constitutive 

internalization and recycling. A post hoc Bonferroni test was performed when necessary. A 

value of p ≤ 0.05 was considered statistically significant. Statistical significance is denoted 

as *p<0.05, **p<0.01, ***p<0.001. For all figures, outliers in each data set were determined 

using Grubb’s test when p<0.05. One outlier was removed from Figure 5E.

3. Results

3.1 Ethanol exposure reduced surface levels of 5-HT1ARs

To examine the effect of prolonged ethanol exposure on 5-HT1AR surface expression, 

immunocytochemistry was performed 18 hrs after treatment with ethanol (15, 30, or 75 mM) 

or vehicle. Surface and intracellular 5-HT1ARs were immunolabeled with Alexa Fluor 594 

(red) and 488 (green), respectively (Fig. 1A). The surface 5-HT1AR level was calculated as 

a ratio of surface fluorescence intensity (red) to that of the total fluorescence intensity (red + 

green) for each cell and presented as relative to the vehicle treatment (Fig. 1B). A one-way 

ANOVA revealed a significant main effect of ethanol concentration on surface 5-HT1AR 

levels, F (3, 182) = 28, p<0.01. Post hoc Bonferroni test showed a significant reduction 

in surface 5-HT1AR levels in cells treated with 30 mM (p<0.05, N=47 cells) and 75 mM 

(p<0.001, N=42 cells) ethanol when compared to vehicle treatment (N=49 cells). However, 

treatment with 15 mM ethanol (N=50 cells) did not alter surface 5-HT1AR levels.

Surface biotinylation was performed to further confirm the results observed from the 

immunocytochemistry assay. Surface 5-HT1ARs were biotinylated with non-membrane 

permeable sulfo-NHS-SS-biotin. The density of biotinylated 5-HT1ARs was normalized 

to total levels of 5-HT1ARs. Data are presented as relative to the vehicle treatment (Fig. 

1C). A one-way ANOVA indicated a significant main effect of ethanol concentration on 

surface 5-HT1AR levels, F (3, 20) = 16.98, p<0.01. Post hoc Bonferroni test further showed 

a significant reduction of surface 5-HT1AR levels in cells treated with 30 mM (p=0.0014, 

N=6 replicates) and 75 mM (p<0. 0001, N=6 replicates) ethanol when compared to the 

vehicle treatment. Treatment with 15 mM ethanol (N=6 replicates) did not change surface 

5-H1AR levels. Because ethanol exposure did not alter the total 5-HT1AR levels at any of 

the concentrations tested (Fig. S1), the reduction in surface receptor levels is likely due to a 

change in intracellular trafficking of 5-HT1ARs to different endosomes.

3.2 Ethanol exposure increased constitutive internalization of 5-HT1ARs

We next determined whether reduced surface 5-HT1AR levels in ethanol-treated cells 

resulted from increased constitutive internalization of receptors using a previously 

established protocol (Luessen et al. 2016). The amount of internalization was calculated 

as the fluorescence intensity of internalized 5-HT1ARs (green) over the intensity of total 

5-HT1ARs (red + green) at a specified time (see Figs. 2A & 2B for representative images). 

For each treatment group, data are presented as relative to their own baseline (Fig. 2C, 
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N=46–52 cells/time point). A two-way ANOVA (concentration x time) revealed significant 

main effects of ethanol concentration, F (3,589) = 23.7, p<0.01; and time, F (2,589) = 11.5, 

p<0.01 on receptor internalization. Post hoc Bonferroni test showed that 30 mM ethanol 

treatment increased constitutive 5-HT1AR internalization at 30 min (p<0.05), whereas 75 

mM ethanol increased 5-HT1AR internalizations at 5 min (p<0.05), 15 min (p<0.0001) 

and 30 min (p<0.0001) when compared to the vehicle treatment. However, 15 mM ethanol 

treatment did not change receptor internalization.

We next examined the co-localization of 5-HT1ARs with Rab5 to further confirm that 

ethanol exposure increased receptor internalization. Rab5, a common marker for early 

endosomes, regulates early endosome-mediated sorting of intracellular cargos into recycling 

and degradation compartments (Nielsen et al. 1999). The co-localization between 5-

HT1ARs (green) and Rab5 (red) was calculated based on the number of spatially overlapped 

yellow pixels (Figs. 2D) followed by conversion into a Pearson’s correlation coefficient 

using FIJI ImageJ software (Fig. 2E). A one-way ANOVA indicated a significant main 

effect of ethanol concentration on co-localization, F (3, 212) = 9.250, p<0.0001. Post hoc 

Bonferroni test indicated a significant increase in the co-localization between 5-HT1ARs 

and Rab5 in cells treated with ethanol at 30 mM (p<0.01, N=50 cells) and 75 mM 

(p<0.0001, N=55 cells) when compared to the vehicle treatment (N=57 cells). Because 

ethanol did not change the total levels of 5-HT1ARs (Fig. S1) and Rab5 (Fig. S2A), the 

increased co-localization was due to a greater amount of 5-HT1ARs compartmentalized in 

Rab5-positive endosomes.

3.3 Ethanol exposure induced the clathrin-independent, constitutive internalization of 
5-HT1AR

The 5-HT1ARs can undergo the clathrin-dependent internalization in LLC-CPK1 cells 

(Bouaziz et al. 2014). Herein, we demonstrated in N2A cells that constitutive internalization 

of 5-HT1ARs in ethanol naïve cells was also clathrin- and dynamin-dependent because 

both ConA and dynasore treatment diminished 5-HT1AR internalization. ConA binds to 

surface glycoproteins and prevents protein mobility within the membrane bilayers, resulting 

in blockade of clathrin-mediated GPCR internalization (Luttrell et al. 1997). Dynasore is 

an inhibitor of dynamin GTPase activity and blocks dynamin-dependent endocytosis (Macia 

et al. 2006). A two-way ANOVA indicated that ConA treatment (N=61 cells) abolished 

constitutive 5-HT1AR internalization when compared to the vehicle treatment (N=120 cells) 

in ethanol naïve cells (p<0.0001); in contrast, ConA treatment (N=54 cells) had no effect 

on 5-HT1AR internalization in cells treated with 30 mM ethanol (N=100 cells). Dynasore 

treatment prevented receptor internalization in both vehicle-and ethanol-treated cells (N=65 

cells/group).

To investigate whether 5-HT1ARs in ethanol-treated cells underwent the caveolin-dependent 

internalization, cells were treated with nystatin, which is a sterol-binding agent that 

disassembles caveolae and cholesterol in the membranes and thus impairs the caveolin-

dependent internalization (Rothberg et al. 1992). Nystatin treatment prevented constitutive 

5-HT1AR internalization in ethanol-treated cells (N=100 cells and N=54 cells for vehicle 

and nystatin treatment, respectively) but had no effect in ethanol-naïve cells (Fig. 3, N=120 
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cells and N=54 cells for vehicle and nystatin treatment, respectively). These data suggest 

that prolonged ethanol exposure changed constitutive internalization of 5-HT1ARs from a 

clathrin-dependent to a caveolin-dependent pathway.

3.4 Ethanol exposure decreased constitutive recycling of 5-HT1ARs

Next, we examined whether the reduction in surface 5-HT1AR levels was attributed to 

altered receptor recycling. The constitutive recycling of 5-HT1ARs was measured using a 

similar procedure for constitutive internalization. The internalized, recycled 5-HT1ARs were 

labeled with Alexa Flour 488 (green) while the internalized, non-recycled, 5-HT1ARs were 

labeled with Alexa Flour 594 (red). Representative images are shown in Figs. 4A & 4B. 

The amount of receptor recycling was calculated as the intensity of recycled 5-HT1ARs 

(green) over total intensity of recycled and non-recycled (red + green) at a specified time, 

and normalized to its baseline for each treatment group (Fig. 4C, N=43–69 cells/time point). 

A two-way ANOVA revealed significant main effects of ethanol concentration, F (3, 867) = 

68.4, p<0.01; time, F (3, 867) = 107, p<0.01; and a significant interaction effect, F (9, 867) 

= 9.02, p<0.01, on receptor recycling. Post hoc Bonferroni analysis indicated a significant 

reduction in receptor recycling in cells treated with 30 mM and 75 mM ethanol at all tested 

time points when compared to the vehicle treatment.

To further confirm that prolonged ethanol treatment attenuated 5-HT1AR recycling, we 

determined the co-localization of 5-HT1ARs (green) with Rab4 (red) and Rab11 (red), 

markers for fast recycling and slow recycling endosomes, respectively (Seachrist & 

Ferguson 2003). The co-localization was calculated as the number of spatially overlapped 

yellow pixels (Figs. 4D & 4F) followed by the conversion into a Pearson’s co-localization 

coefficient (Figs. 4E & 4G). A one-way ANOVA revealed a significant main effect of 

ethanol concentration on the co-localization of 5-HT1ARs with Rab4, F (3, 203) = 108.1, 

p < 0.0001; and with Rab11A, F (3, 221) = 44.95, p < 0.0001. Post hoc Bonferroni 

analysis showed a significant decrease in the co-localization of 5-HT1ARs with Rab4 and 

Rab11 at both 30 mM (p<0.05, N=52 cells) and 75 mM (p<0.01, N=52–57 cells) ethanol 

concentrations when compared to the vehicle treatment (N=54–60 cells). Prolonged ethanol 

exposure did not change the total levels of Rab4 and Rab11 proteins (Figs. S2B & S2C) nor 

total 5-HT1AR levels (Fig. S1), suggesting that the decreased co-localization resulted from a 

less amount of 5-HT1ARs in both Rab4- and Rab11-positive recycling endosomes.

Next, we examined the co-localization of 5-HT1ARs with LAMP1, a marker for lysosomes, 

to measure whether 5-HT1ARs underwent degradation (Figs. 4H & I). A one-way ANOVA 

indicated a significant main effect of ethanol concentration on the co-localization, F (3, 

206) = 6.66, p<0.001. Post hoc Bonferroni test showed a significant decrease in receptor 

co-localization with LAMP1 at 30 mM (p<0.05, N=57) and 75 mM (p<0.01, N=48) when 

compared to the vehicle treatment (N=53).

3.5 Ethanol exposure reduced the levels of clathrin and myosin V

Because clathrin and myosin V are involved in vesicle endocytosis and exocytosis, 

respectively, we performed western blot to assess their expression levels. We are particularly 

interested in myosin Va subtype as it is a vesicle transporting motor protein highly 

Wang et al. Page 10

J Neurochem. Author manuscript; available in PMC 2023 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



associated with exocytosis activity in neurons (Mercer et al. 1991). A one-way ANOVA 

revealed a significant main effect of ethanol concentration on the levels of clathrin, F (3, 24) 

= 19.81, p<0.01. Post hoc Bonferroni analysis revealed an unexpected, significant decrease 

in clathrin levels in cells treated with 30 mM (p <0.01) and 75 mM (p<0.01) ethanol when 

compared to the vehicle treatment (Fig. 5A, N=7 replicates/group). A one-way ANOVA 

indicated a significant main effect of ethanol concentration on myosin Va expression levels, 

F (3, 20) = 12.82, p<0.01. Post hoc Bonferroni analysis showed a significant reduction in 

myosin Va levels in cells treated with ethanol at concentrations of 30 mM (p <0.01) and 75 

mM (p <0.01) (Fig. 5B, N=6 replicates/group) when compared to the vehicle treatment.

3.6 Ethanol exposure inhibited dynamin I phosphorylation

Dynamins are a family of GTPases involved in the trafficking of both early endosomes 

and recycling endosomes. The isoform dynamin I plays an important role in the clathrin-

mediated internalization in neurons. Upon phosphorylation, dynamin I is localized in 

the cytoplasm; in contrast, dephosphorylate dynamin I (active) is localized on the 

membranes for membrane fission (McClure & Robinson 1996). We measured the levels 

of phosphorylated (p-dynamin I) and the total dynamin I in both vehicle- and ethanol-treated 

cells (Fig. 5C). The p-dynamin I was normalized by the total dynamin I and presented as 

relative to the vehicle treatment. A one-way ANOVA revealed a significant main effect of 

ethanol concentration on dynamin I phosphorylation, F (3, 20) = 28.86, p<0.01. Post hoc 

Bonferroni analysis showed a significant reduction in p-dynamin I levels in cells treated with 

30 mM (p<0.01) and 75 mM (p<0.01) ethanol when compared to the vehicle treatment (N=6 

replicates/group), indicating that there was a greater amount of active (non-phosphorylated) 

dynamin I located on the membranes to promote receptor internalization. There was no 

change in the levels of the total dynamin I between groups (Fig. 5D, N=6 replicates/group).

4. Discussion

The present study showed that prolonged ethanol exposure reduced basal surface levels of 

5-HT1ARs by accelerating constitutive receptor internalization and attenuating constitutive 

receptor recycling in N2A cells. Significantly, ethanol exposure switched constitutive 

internalization of 5-HT1ARs from a clathrin-dependent to a caveolin-dependent pathway. 

Moreover, ethanol increased active dynamin I levels and decreased myosin Va levels, which 

may be associated with increased internalization and reduced recycling of 5-HT1ARs, 

respectively.

Our data demonstrate that 5-HT1ARs underwent constitutive trafficking in the presence 

and absence of ethanol in N2A cells, which is consistent with observation of constitutive 

5-HT1AR internalization and recycling in LLC-PK1 cells and primary cultures of rat 

serotonergic raphe and hippocampal neurons (Bouaziz et al. 2014). The co-localizations 

of 5-HT1ARs with Rab4/Rab11/LAMP1 proteins indicate that internalized receptors are 

targeted for both recycling and degradation. A significant finding of the current study is that 

prolonged ethanol exposure increased the internalization and attenuated the recycling of 5-

HT1ARs at 30 mM and 75 mM concentrations resulting in decreased basal levels of surface 

5-HT1ARs. To date, there is no report of ethanol modulation of constitutive internalization 
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and recycling of any GPCR; however, effects of ethanol on the surface availability of GPCRs 

including 5-HT1ARs have been observed (Dillon et al. 1991; Burnett et al. 2014). Our data 

suggest that ethanol impacts receptor surface expression by disrupting endocytic trafficking 

between plasma membranes and endosomes in a concentration dependent manner. This 

modulation is likely dependent on treatment duration. It has been reported that short-term 

ethanol treatment (≤ 2 hr) increased surface levels of dopamine transporters (DAT) in 

human neuroblastoma SK-N-SH cells and this increase is associated with increased reuptake 

activity of DAT (Riherd et al. 2008). Moreover, chronic ethanol exposure results in 

hypersensitization of 5-HT1ARs in mice (Kelai et al. 2008). This sensitization may serve 

as a compensatory mechanism for reduced basal 5-HT1AR surface expression in order to 

maintain serotoninergic signaling. As such, the altered 5-HT1AR trafficking in the present 

study may lead to increased 5-HT1AR activity. However, it has been shown that ethanol 

application to membranes modulates the coupling between G-proteins and 5-HT1ARs 

in a concentration-dependent manner (Harikumar & Chattopadhyay 2000; Harikumar & 

Chattopadhyay 1998). Future studies show examine the relationship between 5-HT1AR 

trafficking and receptor function.

The second significant finding is that prolonged ethanol exposure increased constitutive 

5-HT1AR internalization in a clathrin-independent manner. The 5-HT1ARs undergo 

constitutive internalization through clathrin-mediated endocytosis shown in LLC-PK1 cells 

as a high concentration of sucrose (0.35 M), an inhibitor of clathrin-coated pits-mediated 

endocytosis, diminishes constitutive 5-HT1AR internalization (Bouaziz et al. 2014). In 

agreement, we herein also report that constitutive 5-HT1AR internalization in ethanol-naïve 

N2A cells was reduced by treatment with ConA and dynasore, inhibitors of clathrin- 

and dynamin-mediated endocytosis. Interestingly, ethanol-mediated increase in constitutive 

5-HT1AR internalization was blocked by dynasore but not by ConA, suggesting a clathrin-

independent endocytotic pathway. To determine whether caveolin-mediated endocytosis 

is involved in 5-HT1AR internalization, we incubated cells with nystatin, a blocker of 

caveolin-dependent endocytosis, and found that nystatin prevented constitutive 5-HT1AR 

internalization in ethanol-treated cells but had no effect in vehicle-treated cells. These data 

suggest that ethanol treatment shifted constitutive 5-HT1AR internalization from a clathrin-

dependent to a caveolin-dependent pathway. Although the exact molecular mechanism for 

this switch is unknown, it may be related to ethanol modulation of lipid composition on 

the membranes. Ethanol exposure has been shown to alter the content of lipid species 

including polyunsaturated fatty acid (Duffy et al. 1991), ceramide (Godfrey et al. 2015) 

and cholesterol (Saito et al. 2007) on cell membranes. The compartmental localization of 

5-HT1ARs on plasma membranes is influenced by lipid content including cholesterol and 

sphingolipids (Kumar & Chattopadhyay 2020; Kumar & Chattopadhyay 2021; Jafurulla 

et al. 2008; Ganguly et al. 2011). As such, 5-HT1ARs may not be properly inserted 

and positioned on plasma membranes and therefore are susceptible to internalization. 

Alternatively, ethanol may have redistributed 5-HT1ARs to caveolin-enriched microdomains 

on the membranes and these receptors are subject to greater internalization under ethanol 

treatment. Interestingly, high concentrations of ethanol, especially 75 mM ethanol, appears 

to induce clusters of receptors non-homogenously on plasma membranes when compared 

to the vehicle treatment (Fig.1A) and these clusters are presumably cholesterol-rich 
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domains, further supporting the notion that ethanol exposure may place more receptors 

in cholesterol-enriched domains. Future studies should investigate compartmentalization 

of 5-HT1ARs in lipid raft and non-raft microdomains to confirm this presumption. It 

is worth noting that there is a small but notable overlap between the two fluorophores 

for surface and intracellular 5-HT1AR immunolabeling. One potential explanation is that 

5-HT1ARs located in the cytoskeleton is in a close proximity to surface 5-HT1ARs, 

resulting in fluorescent signal overlapping. Lastly, dynasore exerts both dynamin-dependent 

and dynamin-independent effects. In addition to inhibit the GTPase activity of dynamin, 

dynasore can also disrupt lipid rafts via a dynamin-independent mechanism (Preta et al. 
2015); therefore, dynasore treatment in our experiments could affect both clathrin- and 

caveolin-dependent receptor internalization.

Ethanol-induced acceleration in constitutive 5-HT1AR internalization may be mediated by 

increased availability of active dynamin I. Dynamin regulates plasma membrane fission 

for both clathrin- and caveolin-mediated endocytosis [see review in (Sandvig et al. 2018)]. 

Dynamin assembles into polymers on the necks of budding membranes in cells, undergoes 

GTP-dependent conformational changes, and thus catalyzes membrane fission. The dynamin 

I is solely expressed in the brain and is critical for receptor endocytosis and vesicle infusion 

to membranes [see review in (Smillie & Cousin 2005)]. In intact synaptosomes prepared 

from the whole rat brain, dynamin I is present in both the cytosol and vesicle membranes; 

however, phosphorylated dynamin I is restricted to the cytosol (Liu et al. 1994). Moreover, 

it appears that dephosphorylated dynamin I (active) traffics to the membranes to facilitate 

membrane fission (McClure & Robinson 1996). In the present study, we found that ethanol 

exposure reduced phosphorylation of dynamin I; thus, it is tempting to speculate that ethanol 

exposure led to a greater distribution of active dynamin I on the membranes, which in 

turn contributed to increased constitutive endocytosis of 5-HT1ARs. Dynamin I can be 

phosphorylated by protein kinase C (PKC) and cyclin-dependent kinase 5 (Cdk5), and 

dephosphorylated by calcineurin (Smillie & Cousin 2005). It has been shown in vitro that 

ethanol treatment inhibits calcineurin phosphatase activity (Ohashi et al. 2004). Moreover, 

prolonged exposure to ethanol decreases PKC activity in the hippocampus and the cortex of 

rat brain (Battaini et al. 1989). Therefore, it is possible that prolonged ethanol exposure 

disrupts the balance between phosphorylation and dephosphorylation of dynamin I by 

decreasing the activity of PKC and Cdk5 and/or increasing the activity of calcineurin, 

resulting in decreased phosphorylation of dynamin I and increased 5-HT1AR internalization. 

Given that ethanol exposure reduced the total expression levels of clathrin and caveolin (not 

shown), it would be interesting to further investigate whether our observations are applicable 

to other GPCRs under ethanol treatment.

The third important finding is that prolonged ethanol exposure attenuated 5-HT1AR 

recycling. This conclusion was further confirmed by the observation that that there was a 

significant less amount of receptors in the fast recycling (Rab4-positive) and slow recycling 

(Rab11-positive) endosomes in cells treated with ethanol (30 and 75 mM). Although little 

information is known about the impact of ethanol exposure on GPCR recycling, short-

term exposure (2–30 min) to ethanol (100 mM) in HEK293 cells increases the surface 

levels of DAT by accelerating the rate of DAT recycling (Methner & Mayfield 2010). 

These data suggest that prolonged ethanol exposure can disrupt the receptor/transporter 
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recycling machinery and thus influence their surface expression and function. The actin 

and microtubule cytoskeleton along with motor proteins (e.g. myosin) play a critical role 

in surface receptor recycling. Myosins, a superfamily of motor proteins, are involved in 

the transport of cargos over long distances within the cells. Myosin V has three different 

isoforms (Va, Vb and Vc) that display differential tissue-specific expression patterns. 

Among the myosin V isoforms, myosin Va is highly expressed in the brain (Mercer et 
al. 1991). Myosin Va binds to actin and Rab11 and tethers endosomes at the cell periphery 

for local recycling (Provance et al. 2004; Provance et al. 2008). It has been shown that 

myosin Va can regulate the trafficking of receptors from recycling endosomes to the plasma 

membranes including AMPA receptors (Correia et al. 2008) and tropomyosin receptor 

kinase B (Sui et al. 2015). Herein we found that prolonged ethanol exposure reduced the 

levels of myosin Va, which likely contributes to the reduced 5-HT1AR recycling.

Lastly, it is intriguing that ethanol exposure (e.g. 30 mM and 75 mM) increased the 

accumulation of 5-HT1ARs in Rab5-positive early endosomes whereas decreased the 

accumulation in both Rab4/Rab11-positive recycling endosomes and in LAMP1-positive 

lysosomes. The 5-HT1ARs seemed to be retained in early endosomes (sorting endosomes) 

and were not properly sorted for recycling and degradation. It is possible that ethanol 

exposure causes a deficit in the fission of recycling endosomes derived from the early 

sorting endosomes, resulting in less recycling of receptors. Moreover, ethanol exposure may 

disrupt the maturation of early endosomes into later endosomes, leading to impairment of 

receptor degradation. It is necessary to investigate how ethanol dysregulates components 

involved in early endosome maturation and plasma membrane fission so that we can have a 

better understanding of ethanol-mediated disruption of endocytic trafficking of 5-HT1ARs.

To summarize, we show here that prolonged ethanol exposure reduced basal surface 5-

HT1AR levels by increasing receptor internalization and decreasing receptor recycling, 

which is accompanied by reduced expression of clathrin and myosin Va and increased 

activity of dynamin I. The constitutive 5-HT1AR internalization is switched from a clathrin- 

to a caveolin-dependent pathway under the influence of ethanol. Whether our findings are 

applicable to trafficking of other GPCRs warrants further investigation. It is worth noting 

that the concentrations (15–75 mM) used in the current study proximate the blood alcohol 

levels (70–345 mg/dL) in humans following binge ethanol consumption (Dolganiuc & Szabo 

2009; Dubowski 1980). These concentrations produce symptoms ranging from disruption 

of attention and coordination to sedation and decreased response to stimuli. Therefore, our 

findings on 5-HT1AR trafficking may underlie these clinical behavioral manifestations in 

response to acute ethanol exposure noted in humans.
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Figure 1. 
Prolonged ethanol exposure reduced surface 5-HT1AR expression in N2A cells. (A) 

Representative immunofluorescence images of surface and intracellular 5-HT1ARs in 

vehicle- (Veh) and ethanol-treated cells. (B) Quantification of surface 5-HT1ARs in cells 

treated with Veh (N=49 cells), 15 mM (N=50 cells), 30 mM (N=47 cells) or 75 mM (N=42 

cells) ethanol assessed by immunocytochemistry. Surface 5-HT1ARs were determined by 

a ratio of surface to total 5-HT1ARs and presented as relative to Veh. Ethanol exposure 

dose-dependently reduced surface 5-HT1AR levels. (C) Upper panel: representative western 

blot images for biotinylated surface and total 5-HT1ARs; lower panel: quantification of 

biotinylated surface 5-HT1AR levels in Veh- and ethanol-treated cells. Surface 5-HT1AR 

levels were normalized to total 5-HT1AR levels and represented as relative to Veh (N=6 

replicates per group). Ethanol exposure significantly reduced surface 5-HT1AR level in a 

dose-dependent manner. * p<0.01, ***p<0.001 vs. Veh
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Figure 2. 
Prolonged ethanol exposure increased constitutive 5-HT1AR internalization in a dose-

dependent manner. (A) and (B) Representative images of surface and internalized 5-

HT1ARs in Veh and 30 mM ethanol-treated cells across time. (C) Quantification of 

constitutive 5-HT1AR internalization across time. Ethanol dose-dependently increased 

constitutive 5-HT1AR internalization. For the vehicle group, the number of cells analyzed 

for 5 min, 15 min and 30 min is 55, 53 and 58, respectively. For the 15 mM ethanol-treated 

group, the number of cells analyzed for 5 min, 15 min and 30 min is 46, 50 and 46, 

respectively. For the 30 mM ethanol-treated group, the number of cells analyzed for 5 min, 

15 min and 30 min is 50, 46 and 52, respectively. For the 75 mM ethanol-treated group, 

the number of cells analyzed for 5 min, 15 min and 30 min is 47, 49 and 49, respectively. 

(D) Representative confocal images for Rab5, 5-HT1ARs and their co-localization in Veh 

and 30 mM EtOH-treated cells. (E) Quantification of Rab5 and 5-HT1ARs co-localization 

following treatment with vehicle (N=57 cells) or ethanol at 15 mM (N=54 cells), 30 

mM (N=50 cells) and 75 mM (N=55 cells). There was a dose-dependent increase in the 

co-localization. *p<0.05, ** p<0.01, ****p<0.0001 vs. Veh
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Figure 3. 
Prolonged ethanol exposure shifted constitutive 5-HT1AR internalization from a clathrin-

dependent to a caveolin-dependent pathway. The constitutive 5-HT1AR internalization in 30 

mM ethanol-treated cells (N=100 cells) was greater when compared to the vehicle treatment 

(N=120 cells). Pretreatment with concanavalin A (ConA, 250 μg/ml, 1hr at 37°C) blocked 

receptor internalization in Veh-treated cells (N=61 cells) but not in 30 mM ethanol-treated 

cells (N=54 cells). Nystatin treatment (25 μg/ml, 30 min at 37°C) diminished receptor 

internalization in 30 mM ethanol-treated cells (N=65 cells) and had no effect in Veh-treated 

cells (N=54 cells). Dynasore treatment (20 μM, 15 min at 37°C) abolished constitutive 
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internalization in both Veh- (N=65 cells) and 30 mM ethanol-treated cells (N=52 cells). 

****p<0.0001 vs. Veh
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Figure 4. 
Prolonged ethanol exposure dose-dependently attenuated 5-HT1AR recycling. (A) and (B) 

Representative images of recycled and total internalized receptors from vehicle (Veh)- and 

ethanol-treated cells. (C) Quantitation of internalized and recycled 5-HT1ARs across time. 

Ethanol treatment (30 mM and 75 mM) significantly attenuated 5-HT1AR recycling when 

compared to Veh. For the Veh group, the number of cells analyzed for 5 min, 15 min and 

30 min is 43, 60 and 53, respectively. For the 15 mM ethanol-treated group, the number of 

cells analyzed for 5 min, 15 min and 30 min is 59, 49 and 56, respectively. For the 30 mM 
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ethanol-treated group, the number of cells analyzed for 5 min, 15 min and 30 min is 51, 62 

and 49, respectively. For the 75 mM ethanol-treated group, the number of cells analyzed for 

5 min, 15 min and 30 min is 46, 55 and 52, respectively. Representative confocal images 

for 5-HT1AR co-localization with Rab4 (D), Rab11 (F) and LAMP1 (H). (E) Quantification 

of 5-HT1AR co-localization with Rab4 in cells treated with Veh (N=54 cells) or ethanol 

at 15 mM (N=51 cells), 30 mM (N=52 cells) and 75 mM (N=50 cells). (G) Quantification 

of 5-HT1AR co-localization with Rab11 in cells treated with Veh (N=60 cells) or ethanol 

at 15 mM (N=56 cells), 30 mM (N=52 cells) and 75 mM (N=57 cells). (I) Quantification 

of 5-HT1AR co-localization with LAMP1 in cells treated with Veh (N=53 cells) or ethanol 

at 15 mM (N=52 cells), 30 mM (N=57 cells) and 75 mM (N=48 cells). Ethanol decreased 

co-localization of 5-HT1ARs with Rab4, Rab11 and LAMP1 at 30 mM and 75 mM doses 

when compared to Veh. *p<0.05, **p<0.01, ****p<0.001 vs. Veh
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Figure 5. 
Prolonged ethanol exposure changes the expression and activity of proteins involved in 

endosomal internalization and recycling. The levels of clathrin (A) and myosin Va (C) 

were reduced in cells treated with 30 mM and 75 mM ethanol when compared to vehicle 

(Veh) treatment. (B) Ethanol reduced dynamin I phosphorylation and had no effect on total 

dynamin I in cells treated with 30 mM and 75 mM ethanol when compared to Veh. N=6 

replicates per group. ** p<0.01, ****p<0.0001 vs. Veh
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