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Abstract

Kappa opioid receptor (KOR) agonists produce dysphoria and psychotomimesis. While KOR 

agonists produce pro-depressant-like effects, KOR antagonists produce anti-depressant-like effects 

in rodent models. The cellular mechanisms and downstream effector(s) by which KOR ligands 

produce these effects are not clear. KOR agonists modulate serotonin (5-HT) transmission in the 

brain regions implicated in mood and motivation regulation. Presynaptic serotonin transporter 

(SERT) activity is critical in the modulation of synaptic 5-HT and, subsequently, in mood 

disorders. Detailing the molecular events of KOR-linked SERT regulation is important for 

examining the postulated role of this protein in mood disorders. In this study, we used 

heterologous expression systems and native tissue preparations to determine the cellular signaling 

cascades linked to KOR-mediated SERT regulation. KOR agonists U69,593 and U50,488 

produced a time and concentration dependent KOR antagonist-reversible decrease in SERT 

function. KOR-mediated functional down-regulation of SERT is sensitive to CaMKII and Akt 

inhibition. The U69,593-evoked decrease in SERT activity is associated with a decreased transport 

Vmax, reduced SERT cell surface expression, and increased SERT phosphorylation. Furthermore, 

KOR activation enhanced SERT internalization and decreased SERT delivery to the membrane. 

*Corresponding author: Sammanda Ramamoorthy, Ph.D., Department of Pharmacology and Toxicology, Virginia Commonwealth 
University, R. Blackwell Smith Building, Room # 756A, 410 North, 12th Street, Richmond, VA 23298, 
sammanda.ramamoorthy@vcuhealth.org, Phone: 804-828-8407, Fax: 804-828-2117.
1bPresent address: B.A. Department of Neurosciences, Medical University of South Carolina, Charleston, SC 29425, USA
1bPresent address: D.J.M. Department of Pathology and Laboratory Medicine, Medical University of South Carolina, Charleston, SC 
29425, USA

Author Contributions
Participated in research design: Ramamoorthy, S., Jayanthi, L.D., Shippenberg, T.S.
Conducted experiments: Sundaramurthy, S., Annamalai, B., Samuvel, D.J.
Performed data analysis: Sundaramurthy, S., Ramamoorthy, S.
Wrote or contributed to the writing of the manuscript: Ramamoorthy, S., Jayanthi, L.D., Sundaramurthy, S.

Conflict of interest
The authors declare that they have no conflict of interest.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of 
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be 
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

HHS Public Access
Author manuscript
Neuropharmacology. Author manuscript; available in PMC 2018 February 01.

Published in final edited form as:
Neuropharmacology. 2017 February ; 113(Pt A): 281–292. doi:10.1016/j.neuropharm.2016.10.011.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



These data demonstrate that KOR activation decreases 5-HT uptake by altering SERT trafficking 

mechanisms and phosphorylation status to reduce the functional availability of surface SERT.
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1. Introduction

The catalytic properties of serotonin transporters (SERT, SLC6A4) on serotonergic terminals 

regulate the synaptic availability of serotonin (5-HT) by rapid reuptake of vesicle-released 5-

HT and are thus a key factor in the determination of serotonergic neurotransmission 

(Murphy et al., 1998; Ramamoorthy et al., 1993). Biochemical, pharmacological, and brain 

imaging studies pointed out the evidence for altered expression of SERT in depression, 

OCD, autism, anxiety, and addiction (Cannon et al., 2007; Cook et al., 1997; Hrdina, 1989; 

Insel et al., 1991; Murphy et al., 2004; Selvaraj et al., 2011). Therapeutic agents used to treat 

neuropsychiatric disorders, such as serotonin selective reuptake inhibitors (SSRIs), primarily 

inhibit SERT activity to modulate serotonergic signals in the CNS (Ramamoorthy et al., 

1993). In addition, SERT is one of the major targets for drugs of abuse, such as cocaine and 

3,4 –methylenedioxymethampetamine (MDMA or “Ecstasy”) (Bengel et al., 1998). Thus, 

SERT figures prominently in both psychotherapeutics and addiction biology. The functional 

regulation of SERT is dynamic and mediated by multiple regulatory pathways that control 

SERT-gene transcription, expression, catalytic activity, and trafficking. SERT activity is 

rapidly altered in response to several types of protein kinase activation and/or inhibition by 

modulating SERT phosphorylation, protein-protein interactions, and segregation into lipid 

raft domains (reviewed in (Ramamoorthy et al., 2011)). In addition, SERT-substrates and 

inhibitors can also influence kinase/phosphatase-mediated SERT regulation (Ramamoorthy 

and Blakely, 1999). Furthermore, recent studies have pointed out that single nucleotide 

polymorphisms (SNPs) within the SERT protein can impact normal regulation of SERT 

(Prasad et al., 2005; Veenstra-VanderWeele et al., 2012; Zhang et al., 2007).

Kappa Opioid Receptor (KOR) is a G-protein coupled receptor (GPCR) expressed on 

serotonergic neurons and neuronal terminals (Berger et al., 2006; Kalyuzhny and 

Wessendorf, 1999). Activation of KOR by the endogenous KOR ligand dynorphin or 

synthetic KOR agonists decreases 5-HT release (Grilli et al., 2009; Tao and Auerbach, 

2002). As a GPCR, KOR-activation triggers several diverse intracellular signaling cascades 

(Bruchas and Chavkin, 2010). We hypothesized that KOR-linked signaling cascades might 

also be involved in the regulation of 5-HT reuptake via regulating SERT function. Our 

previous study has shown that while KOR activation increased dopamine transporter (DAT) 

activity, it decreased SERT activity and had no effect on norepinephrine transporter (NET) 

activity (Kivell et al., 2014). However, the molecular phenomenon underlying KOR-

mediated SERT regulation is unknown. In an attempt to elucidate KOR-mediated SERT 

regulation in detail, we studied KOR-mediated SERT regulation in a cell model system 

where both KOR and SERT are coexpressed heterologously and in the rat brain striatum 

where both KOR and SERT are expressed endogenously. The present study revealed that 
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acute activation of KOR downregulates SERT function via protein kinase B/Akt (Akt) and 

calcium calmodulin dependent kinase II (CaMKII) dependent signaling pathways. The 

KOR-mediated SERT downregulation is accompanied by a decrease in SERT plasma 

membrane delivery and an increase in SERT internalization and phosphorylation. The results 

indicate that these SERT regulatory mechanisms might contribute to decreased surface 

SERT levels and 5-HT transport.

2. Materials and Methods

2.1. Materials

Fetal bovine serum was obtained from Hyclone/GE Healthcare Life Sciences (Logan, UT), 

Lipofectamine™ 2000, DMEM and other cell culture media from Invitrogen/Life 

Technologies, (Grand Island, NY). AKT inhibitor Akt X, KN93, 4-(4-fluorophenyl)-2-(4-

nitrophenyl)-5-(4-pyridyl)-1H-imidazole (PD169316), 2-(2-Amino-3-

methoxyphenyl)-4H-1-benopyram—one (PD98059), 4-amino-5-(4-chlorophenyl)-7-(t-

butyl)pyrazole (3,4,d)pyrimidine (PP2) and polyvinylidene difluoride membrane were 

purchased from EMD Milipore (Billerica, MA). 5-Hydroxy-[3H] tryptamine creatine 

sulphate ([3H]5-HT; 26.8 Ci/mmol), 32PO4 carrier-free orthophosphate and Optiphase 

Supermix, were purchased from PerkinElmer Inc. (Waltham, MA). U69,593, U50,488 and 

protease cocktail were obtained from Sigma-Aldrich (St. Louis, MO). Lipofectamine™ 

2000, DMEM and all other cell culture media were purchased from Invitrogen/Life 

Technologies, (Grand Island, NY). SDS-polyacrylamide gel electrophoresis and Bradford 

protein assay were from Bio-Rad (Hercules, CA), ECL reagents, Supersignal West Pico 

Chemiluminscent substrate were from Thermo Fisher Scientific Inc., (Rockford, IL), Protein 

A Sepharose was obtained from GE Healthcare Life Sciences (Pittsburg, PA), 

Sulfosuccinimidyl-2-[biotinamido]ethyi-1,3-dithiopropionate (EZ link NHS-Sulfo-SS-

biotin), Sulfo-NHS-Acetate and NeutrAvidin Agarose were purchased from Pierce 

(Rockford, IL), Anti-Calnexin was from BD Biosciences (San Jose CA), SR-12 SERT 

antibodies were generated by our laboratory. In our previous studies, the use and specificity 

of SR-12 SERT antibody were thoroughly characterized and published (Annamalai et al., 

2012; Jayanthi et al., 2005; Samuvel et al., 2005). Anti-Phospho Akt1/1/2/3 (Ser473) was 

from Santa Cruz Biotechnology (Dallas, TX), Akt1 antibody (clone AW24) was from 

Millipore (Billerica, MA), HRP-conjugated secondary antibody from Jackson 

ImmunoResearch laboratories (West Grove, PA). Stock solutions of U69,593, PD169316, 

PD98059 and KN93 were prepared in ethanol, and U50,488 was prepared in KRH buffer. In 

all experiments, Vehicle-E contained 0.2–0.01% ethanol and Vehicle-B contained KRH 

buffer as needed.

2.2. Animals

Male Sprague-Dawley (200–250g Charles River Laboratories) rats were used. All 

procedures were approved by the Institutional Animal Care and Use Committee in 

accordance with the National Institutes of Health Guide (NIH Publication No. 8023, revised 

1978) for the Care and Use of Laboratory Animals. Rats were maintained in a temperature 

and humidity controlled room on a 12:12 h light/dark cycle. Food and water were supplied 
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ad libitum. All efforts and care were taken to minimize animal suffering and to reduce the 

number of animals used. As alternatives to brain tissues, cell culture models were utilized.

2.3. Cell Culture and Transfection

HEK-293 (human embryonic kidney) cell line expressing a macrophage scavenger receptor 

to increase adherence to tissue culture plates (EM4 cells), were grown in Dulbecco’s 

Modified Eagle’s Media (DMEM) containing 10% fetal bovine serum, 2 mM glutamine, 100 

μg/ml streptomycin and 100 units/ml penicillin at 37°C and in an atmosphere of 95% air and 

5% CO2. Trypsinized cells were seeded in 24 well plates (100,000/well) for uptake assays or 

in 12 well plates (150,000/well) for biotinylation assay or in 35mm petri dishes (250,000/

dish) for endocytosis and exocytosis assays. Cells were transiently co-transfected with 

cDNAs, 0.2μg His-hSERT plus 0.3μg myc-KOR or 0.3μg empty vector (pcDNA3) for 

uptake assays; 0.4μg His-hSERT plus 0.6μg myc-KOR or 0.6μg pcDNA3 for biotinylation 

assays; 0.6μg His-hSERT plus 0.9μg myc-KOR or 0.9μg pcDNA3 for exocytosis and 

endocytosis assays using Lipofectamine 2000 according to manufacturer’s instruction. 

Where indicated, cells were treated with different modulators and used 24 hr post 

transfection.

2.4. 5-HT Uptake in Transfected EM4 Cells

5-HT uptake was performed as described previously (Samuvel et al., 2005). The transfected 

cells were starved for 2 hours with serum free DMEM media at 37°C. Serum-starved cells 

were washed with warm Krebs-Ringer-HEPES (KRH) buffer (120 mM NaCl, 4.7 mM KCl, 

2.2 mM CaCl2 10 mM HEPES, 1.2 mM MgSO4, 1.2 mM KH2PO4, 10 mM D- glucose, pH 

7.4) containing 0.1 mM ascorbic acid, and 0.1 mM pargyline and treated at 37°C with 

different modulators at indicated concentrations and times. To check the effect of kinase 

inhibitors, pre-starved cells were incubated with kinase inhibitors as indicated under 

legends, at 37°C for 45 min followed by U69,593 or U50,488 or appropriate vehicles for 15 

min. The treated cells were incubated with 50 nM radiolabelled [3H]5-HT for 6 min and the 

radiolabelled cells were washed with KRH buffer twice. For saturation analysis, [3H]5-HT 

was mixed with unlabeled 5-HT from 10 nM to 2 μM. The cells were lysed in 400μl of 

Optiphase Supermix scintillant and the radioactivity was measured using MicroBeta2 

LumiJET liquid scintillation counter (Perkin Elmer Inc., Waltham, MA). Nonspecific 5-HT 

uptake is defined as the accumulation in the presence of 0.05 μM fluoxetine and was 

subtracted from total 5-HT uptake. The experiments were repeated three times with different 

passages of EM4 cells and data are given as mean ± S.E.M. values. Maximal Velocity 

(Vmax) and substrate Km values were determined by nonlinear least square fits plotted as 

femtomoles of 5-HT uptake against the concentration of 5-HT using Michaelis-Menten 

equation.

2.5. Immunoblot Analysis

As indicated under legends, after the treatment, cells or synaptosomes were with lysed RIPA 

extraction buffer (10 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 

0.1% SDS, and 1% sodium deoxycholate) supplemented with a mixture of protease 

inhibitors cocktail (100μM 4-(2-Aminoethyl)-Benzensesulfonyl Fluoride HCl, 0.8 μM 

aprotinin, 2 μM leupeptin, 1.5 μM pepstatin and 4 μM bestatin) and phosphatase inhibitors 
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(10 mM NaF, 10 mM sodium pyrophosphate, 1 mM sodium orthovanadate, 1 μM okadaic 

acid). Equal quantity of proteins from the extracts were incubated with Laemmli buffer (62.5 

mm Tris, pH 6.8, 20% glycerol, 2% SDS, 5% β-mercaptoethanol, and 0.01% bromophenol 

blue) and proteins were separated by 10% SDS-PAGE and transferred overnight onto 

polyvinylidene difluoride membrane at 4°C. Specific antibodies and appropriate secondary 

antibodies were used to visualize specific proteins as given under legends. The same blots 

were also stripped and reprobed with total Akt and calnexin (Samuvel et al., 2005). The 

intensity of protein band density was analyzed by utilizing NIH Image J software (1.48v).

2.6. Surface Protein Biotinylation Using EM4 Cells

Transiently transfected cells were pre-starved for 2 hours at 37°C and treated with U69,593 

and Vehicle-E for 15 min at 37°C. Cells were washed with cold PBS/Ca/Mg solution (138 

mM NaCl, 2.7 mM KCl, 1.5 mM KH2PO4, 9.6 mM Na2HPO4, 1 mM MgCl2, 0.1 mM 

CaCl2, pH 7.3) and subjected to biotinylation as described earlier by us (Annamalai et al., 

2012; Samuvel et al., 2005). Successively, the cells were lysed in RIPA buffer by shaking the 

petri dishes for one hour at 4°C and by passing through 25 Gauge needle 6 times. The 

samples were centrifuged at 25000 × g for 30 min and the protein concentration was 

estimated using Bradford protein assay. Equal amounts of proteins were incubated with 60 

μl of NeutrAvidin agarose beads at 4°C overnight followed by RIPA buffer-wash thrice. 

Bound proteins were eluted with 45 μl of Laemmli buffer by shaking for 20 min at room 

temperature. Aliquots of total, unbound and eluted bound proteins were ran on 10% SDS-

PAGE with protein marker and transferred onto polyvinylidene difluoride membrane 

overnight at 4°C. SR-12 antibody was used to detect the SERT. The blots were visualized 

with enhanced chemiluminescences reagents (Amersham Biosciences, GE Healthcare, 

Pittsburgh, USA). The proteins were quantified by utilizing NIH Image J software (1.48v) to 

ensure that the results were in linear range of film exposure. The blots were stripped and 

reprobed with anti-calnexin antibody to check for equal protein loading and to rule out 

contamination of biotinylated proteins with intracellular proteins.

2.7. Measurement of Endocytosed or Internalized SERT Using EM4 Cells

Serum-starved cells were washed with cold PBS/Ca/Mg solution and incubated with 0.5 

mg/ml disulfide-cleavable biotin (sulfo-NHS-SS-Biotin) in cold PBS/Ca/Mg solution for 30 

min on ice. The biotinylated cells were washed with cold PBS/Ca/Mg solution and 

biotinylation was terminated with 100 mM glycine in PBS/Ca/Mg solution for 15 min. The 

cells were washed with warm PBS/Ca/Mg solution and treated with U69,593 or Vehicle-E 

for 15 min at 37°C to induce endocytosis. The cells were brought back to ice and washed 

with cold PBS/Ca/Mg solution and incubated twice with 50 μM sodium 2-mercapto-

ethanesulfonate (MesNa), a reducing agent in PBS/Ca-Mg buffer for 20 min to dissociate the 

biotin from cell surface-resident proteins via disulfide exchange. To define total biotinylated 

SERT, one dish of biotinylated cells was kept at 4°C and not subjected to reduction with 

MesNa, and directly processed for extraction. To define MesNa-accessible biotinylated 

SERT, another dish of biotinylated cells was treated with Vehicle-E for 15 min at 4°C and 

then treated with MesNa to reveal the quantity of surface SERT biotinylation that MesNa 

can reverse efficiently. The cells were lysed with RIPA buffer containing protease inhibitors 

(Jayanthi et al., 2006; Samuvel et al., 2005). The biotinylated proteins were isolated using 
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NeutrAvidin beads and the biotinylated proteins were separated by SDS-PAGE and 

immunoblotting as described above.

2.8. Measurement of Plasma Membrane Delivery (Exocytosis) of SERT Using EM4 Cells

Serum-starved cells were washed with cold PBS/Ca/Mg solution and incubated with cell 

membrane impermeable sulfo-NHS acetate (1 mg/ml) for an hour on ice, followed by 

washing with ice-cold PBS/Ca/Mg solution. Then, the cells were biotinylated with sulfo-

NHS-SS-Biotin in the presence of U69,593 or Vehicle-E for 15 min at 37°C to induce 

exocytosis and control cells with Vehicle-E were incubated on ice. To determine the 

effectiveness of sulfo-NHS acetate treatment to block all preexisting NHS-reactive 

biotinylation sites on the cell surface, another dish of cells containing Vehicle E was 

biotinylated at 4°C without sulfo-NHS acetate treatment. The treated cells were brought 

back on to ice and biotinylation was quenched with 100 mM glycine in cold PBS/Ca/Mg 

solution for 15 min twice. The cells were washed with cold PBS/Ca/Mg solution and lysed 

in RIPA buffer (Jayanthi et al., 2006). Biotinylated SERT proteins were detected and 

quantified as described above. Biotinylated transferrin receptor (TfR) was analyzed by 

stripping and reprobing the blot with TfR antibody.

2.9. SERT Phosphorylation in Transfected EM4 Cells

SERT phosphorylation in SERT plus KOR co-transfected EM4 cells was measured and 

quantified as described previously (Ramamoorthy and Blakely, 1999; Ramamoorthy et al., 

1998). Briefly, cells were metabolically labeled with [32P]-orthophosphate in phosphate-free 

medium for 1 hour and incubated with Vehicle-E or U69,593 (10 μM) in one set, and with 

Vehicle-B or U50,488 (10 μM) in another set for 30 min at 37°C. The cells were washed and 

solubilized with RIPA buffer containing protease and phosphatase inhibitors (composition 

given above under Immunoblot Analysis). The SERT proteins were immunoprecipitated 

using SERT specific antibody SR-12. The immunoprecipitated proteins were isolated by the 

addition of protein A-Sepharose beads, washed three times with RIPA buffer and the 

proteins were eluted in 45 μl of Laemmli sample buffer for 30 min at 22°C. The eluted 

proteins were separated by SDS-PAGE (10%). Gels were dried and exposed to Kodak 

BioMax Ms-1 films and 32P-radiolabeled SERT was visualized by autoradiography. Multiple 

exposures (1, 2, 4 and 6 days) were evaluated by digital quantitation using NIH ImageJ 

(version 1.48j) software to ensure that results were within the linear range of the film 

(Ramamoorthy and Blakely, 1999; Ramamoorthy et al., 1998).

2.10. Synaptosomes Preparations and 5-HT Uptake

Synaptosomal preparations and 5-HT uptake were performed as described previously 

(Samuvel et al., 2005). Dorsal and ventral striatum was dissected from rat brain and 

immediately homogenized in cold 0.32 M sucrose. The homogenate was centrifuged at 

1,000 g for 10 min at 4 °C and the resulting supernatant was centrifuged at 12,000 g for 20 

min and the pellet was washed by resuspending in 0.32 M sucrose. The synaptosomes were 

suspended in 0.32 M sucrose saturated with 95%O2, 5%CO2. Protein concentration was 

determined by DC protein assay (Bio-Rad) using bovine serum albumin as standard. The 

synaptosomes (50 μg) were incubated with U69,593 or U50,488 or appropriate vehicle 

(Vehicle-E or Vehicle-B) for 15 min at 37°C in a total volume of 500 μl of KRH buffer. 5-
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HT uptake was measured by adding 50 nm of radiolabelled [3H]5-HT and continuing 

incubation at 37°C for 6 min. To check the effect of kinase inhibitors, synaptosomes were 

preincubated with kinase inhibitors as indicated under legends, at 37°C for 45 min followed 

by U69,593 or U50,488 or appropriate vehicle (Vehicle-E or Vehicle-B) for 15 min. The 

uptake was terminated by adding 100 μM of imipramine in ice-cold KRH buffer and filtered 

over 0.3% polyethylenimine coated GF-B filters using a Brandel Cell Harvester (Brandel 

Inc., Gaithersburg, MD). The filters were washed with 5 ml of cold PBS solution thrice and 

radioactivity retained to filter was detected by liquid scintillation counter. Non- specific 

uptake measured in the presence of 0.01 μM of fluoxetine was subtracted from total 

accumulation of 5-HT to provide SERT specific total 5-HT uptake.

2.11. Surface Protein Biotinylation Using Synaptosomes

Synaptosomes (300–500 μg) were incubated with U69,593 or U50,488 or appropriate 

vehicle (Vehicle-E or Vehicle-B) for 15 min at 37°C and biotinylated as described earlier by 

us (Samuvel et al., 2005). Biotinylated proteins were separated from nonbiotinylated 

proteins using avidin beads. Aliquots from total extracts (50 μl) and the entire avidin eluted 

fractions were separated by SDS-PAGE (10%) and transferred to membrane. The blots were 

probed with antibodies to SERT (SR12 antibody) and calnexin followed by quantifications 

as described earlier above.

2.12. SERT Phosphorylation in Synaptosomes

The protocol for assaying U69,593/KOR triggered SERT phosphorylation was similar as 

described previously (Samuvel et al., 2005). Synaptosomes prepared from ventral striatum 

(~0.750 mg) were incubated with 5.0 mCi [32P]-orthophosphate for 45 min prior to the 

addition of Vehicle-E and various of concentrations of U69,593 (μM: 0.5, 1, 5, 10) for 15 

min at 37°C. Samples were then centrifuged and the pellet resuspended in RIPA buffer 

(containing protease and phosphatase inhibitors, composition given under Immunoblot 
Analysis) by passing through 25-gauge needle for 10 times. SERT immunoprecipitation with 

SR-12 antibody, SDS-PAGE followed by autoradiography to visualize phosphorylated SERT 

similar are to that described above under SERT Phosphorylation in Transfected EM4 Cells.

2.13. Statistical Analysis

GraphPad Prism 6 (GraphPad Software Inc., La Jolla, CA) was used for all data analyses 

and to generate graphical representations. Values are expressed as mean ± S.E.M. As noted 

in the figure legends and in the result section, one-way analysis of variance was used 

followed by post hoc testing (Bonferroni) for multiple comparisons. Two-tailed unpaired 

Student’s t test analysis was performed for comparisons between two groups. A value of p ≤ 

0.05 was considered statistically significant.

3. Results

3.1. KOR activation inhibits SERT function

Pretreatment of EM4 cells co-transfected with SERT plus KOR with KOR agonists U69,593 

or U50,488 reduced SERT mediated 5-HT uptake in a time and concentration dependent 

manner, as shown in Figures 1A–D. While a non-significant decrease (18%) in 5-HT uptake 
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was evident following treatment with 1 μM U69,593, treatment with 5, 10, and 20 μM 

U69,593 produced significant inhibition (19%, 36%, and 34%, respectively) (Fig. 1A). 

Treatment with 5, 10, and 20 μM U50,488 also resulted in significant inhibition of SERT 

activity (38%, 32%, and 63%, respectively) (Fig. 1B). Results from the time course are 

shown in Figures 1C and 1D, where U69,593 and U50,488 at 10 μM produced significant 

reductions in 5-HT uptake following 10 and 5 min treatment times (38% and 38%, 

respectively). Comparison of dose and time course effects between U69,593 and U50,488 

revealed comparable effects on SERT function, although U50,488 produced higher SERT 

inhibition in a shorter time period than U69,593. U69,593- or U50,488- induced SERT 

inhibition was completely abolished when the cells were pretreated with KOR antagonist 

nor-binaltorphimine (BNI) prior to U69,593 or U50,488 treatment (Fig. 1E); BNI alone did 

not produce any significant effect on SERT activity (Fig. 1E). Furthermore, U69,593 or 

U50,488 failed to produce any effect on SERT function in cells expressing only the SERT 

(in the absence of KOR coexpression) (Fig. 1F). These findings indicate that U69,593- or 

U50,488-induced SERT inhibition is mediated by KOR activation. U69,593 or U50,488 at 

10 μM concentration was chosen for subsequent experiments. Several studies have used this 

concentration of U50,488 and U69,593 to delineate KOR-triggered signaling in heterologous 

transfected cell models as well as primary striatal neurons and astrocytes (Bruchas et al., 

2006; Chen et al., 2016; Clayton et al., 2009; McLaughlin et al., 2003; Schmid et al., 2013).

3.2. KOR agonist U69,593 alters SERT kinetic parameters

The kinetic analysis of SERT-mediated 5-HT uptake was determined in Vehicle-E and 

U69,593 treated EM4 cells coexpressing SERT and KOR (Fig. 2). U69,593 treatment 

decreased the maximal velocity (Vmax) significantly from 58.09 ± 5.21 (Vehicle-E) to 29.35 

± 1.23 (U69,593) pmol/min/106 cells. There was no significant change in SERT’s affinity 

for 5-HT following U69,593 treatment (Vehicle-E: Km = 866.9 ± 292.8 nM and U69,593: 

Km = 664.4 ± 120.7 nM).

3.3. KOR-induced SERT downregulation is mediated by Akt and CaMKII

Our previous studies have established that Akt, CaMKII, p38 MAPK, PKG, and Src kinase 

inhibitors inhibit SERT activity (Annamalai et al., 2012; Rajamanickam et al., 2015; 

Samuvel et al., 2005). KOR activation triggers several downstream kinase pathways 

(Bruchas and Chavkin, 2010). To determine the signaling pathways downstream of KOR 

activation involved in mediating SERT downregulation, EM4 cells coexpressing SERT and 

KOR were treated with various kinase inhibitors at maximal efficacious concentrations prior 

to U69,593 treatment. Akt X (20 μM) for Protein Kinase B (Rajamanickam et al., 2015), 

KN93 (2 μM) for CaMKII (Annamalai et al., 2012), PD169316 (20 μM) for p38 MAPK 

(Samuvel et al., 2005), PP2 (20 μM) for Src Kinase (Annamalai et al., 2012) and PD98059 

(20 μM) for Erk1/2 Kinases (Annamalai et al., 2012) were used as specific kinase inhibitors. 

Figure 3 shows the influence of kinase inhibitors on U69,593-mediated SERT inhibition. 

Consistent with previously reported studies (Annamalai et al., 2012; Rajamanickam et al., 

2015; Samuvel et al., 2005), all kinase inhibitors, except Erk1/2 inhibitor PD98059, 

significantly inhibited SERT function to varying degrees (Fig. 3A). Treatment with U69,593 

produced an additive inhibition of SERT function in cells pretreated with PD169316, PP2, or 

PD98059 (Fig. 3A). However, U69,593 treatment did not produce additive inhibition of 
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SERT activity in cells pretreated with Akt X or KN93 (Fig. 3A). Furthermore, U69,593 

treatment enhanced the activation of Akt and CaMKII, as evidenced by increased levels of 

both phospho-Akt and phospho-CaMKII in immunoblot analyses (Fig. 3B, 3C, 3D and 3E). 

Total expression levels of Akt and CaMKII were not altered upon U69,593 treatment. 

Pretreatment with Akt X or KN93 prior to U69,593 treatment prevented the U69,593-

stimulated increase in phospho-Akt and phospho-CaMKII, respectively (Fig. 3D and 3E). 

These results strongly support the hypothesis that Akt and CaMKII play a crucial role in 

KOR-mediated downregulation of SERT function.

3.4. KOR activation by U69,593 reduces SERT surface expression via decreased SERT 
exocytosis and enhanced SERT endocytosis and phosphorylation

Because SERT functional expression is dynamically regulated at the level of SERT 

sequestration, trafficking and phosphorylation, SERT surface expression, SERT endocytosis/

internalization, exocytosis and phosphorylation were examined in EM4 cells coexpressing 

SERT and KOR following Vehicle-E or U69,593 treatment. Consistent with our SERT 

functional assay results (5-HT uptake and kinetics shown in Fig. 1 and 2), cell surface 

biotinylation showed a significant (~47%) reduction in SERT surface expression 

(biotinylated) with concomitant increase (~65%) in intracellular SERT (non-biotinylated) 

following U69,593 treatment compared to Vehicle-E treatment (Fig. 4A and 4B). There was 

no change in the total SERT protein following U69,593 treatment compared to Vehicle-E 

treatment. Immunoblotting with calnexin antibody showed equal protein loading in the total 

blot and no intracellular calnexin protein is seen in the bound fractions, suggesting intact cell 

surface biotinylation (data not shown). The decrease in SERT surface expression following 

U69,593 treatment might arise from alterations in the endocytosis (internalization) or 

exocytosis (membrane delivery) of SERT protein “from” and “to” the plasma membrane. 

Reversible biotinylation strategy was employed to examine the internalization of SERT. The 

cells were incubated with sulfo-NHS-SS-biotin to biotinylate surface proteins and then 

treated with vehicle or U69,593 at 37°C to induce endocytosis. Next, cells were treated with 

cell membrane impermeable MesNa to dissociate the biotin from cell surface-resident 

proteins so that only internalized-biotinylated proteins are captured using avidin bead 

isolation. Figures 4C and 4D show that the treatment with U69,593 significantly increased 

the amount of biotinylated SERT internalization (~59%) compared to vehicle treatment. 

Following incubation with Vehicle-E at 4°C, less than 4% biotinylated SERT was evident 

after MesNa treatment, indicating that the removal of biotin from biotinylated surface 

proteins was effective. To examine the effects of U69,593 on SERT plasma membrane 

delivery, the cells were incubated with cell membrane impermeable sulfo-NHS acetate at 

4°C to block all preexisting NHS-reactive biotinylation sites on the cell surface. Then the 

cells were incubated at 37°C for 15 min with Vehicle E or U69,593 to induce exocytosis in 

the presence of sulfo-NHS-SS-biotin, which allows biotinylation of proteins that are newly 

delivered to the cell surface. The biotinylated SERT, representing newly inserted plasma 

membrane SERT, was reduced significantly (~61%) in cells treated with U69,593 when 

compared to Vehicle E-treated cells (Fig. 4E & 4F). When compared to total biotinylated 

SERT from cells not pretreated with sulfo-NHS acetate (4°C, Vehicle-E), there was very 

little biotinylated SERT indicating that most of the biotinylating sites were successfully 

blocked by the NHS acetate pretreatment and the plasma membrane delivery was negligible 
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at 4°C. Reprobing with transferrin antibody showed TfR bands only at the exocytosis-

permissive temperature (37°C) but not at the exocytosis non-permissive temperature (4°C), 

as well as TfR bands showed no significant difference between Vehicle-E and U69,593 

treated cells (Fig. 4E). Because Akt and CaMKII are involved in U69,593-mediated SERT 

downregulation and SERT is a known phospho-protein (Annamalai et al., 2012; Jayanthi et 

al., 2005; Ramamoorthy and Blakely, 1999; Ramamoorthy et al., 1998; Ramamoorthy et al., 

2007; Samuvel et al., 2005), SERT phosphorylation was examined in cells metabolically 

labeled with 32P following Vehicle-E or U69,593 treatment in one set and Vehicle-B or 

U50,488 treatment in another set. The autoradiogram of 32P-labeled SERT is presented in 

Fig. 4G. Consistent with our previous observations (Ramamoorthy and Blakely, 1999; 

Ramamoorthy et al., 1998), the basal 32P-labeled SERT band (~96 kDa) was present in 

vehicle-treated cells. Following treatment with U69,593 or U50,488 (10 μM, 15 min), there 

was a significant increase in the 32P-labeled SERT band intensity (Fig. 4G and 4H). 

Together these findings reveal the capacity of KOR-linked downstream signals to regulate 

SERT function at various levels of cellular cascades involving SERT trafficking and 

phosphorylation.

3.5. KOR activation regulates SERT in the rat dorsal and ventral striatum

To examine whether native SERT is also regulated by KOR activation, synaptosomes from 

dorsal and ventral striatum (brain regions known to express both SERT and KOR 

endogenously) were treated with Vehicle-E or Vehicle-B or different concentrations of 

U69,593 or U50,488 for 15 min and 5-HT uptake was measured. U69,593 and U50,488 each 

significantly reduced 5-HT uptake in a dose dependent manner in both the ventral and dorsal 

striatum (Fig. 5A). The effect of U69,593 or U50,488 on SERT inhibition was abolished by 

KOR antagonist BNI, establishing the specific role of endogenous KOR in the regulation of 

native SERT-mediated 5-HT uptake (Fig. 5A). Furthermore, Akt inhibitor Akt X or CaMKII 

inhibitor KN93 pretreatment of ventral striatal synaptosomes attenuated the inhibitory 

effects of U69,593 and U50,488 on SERT function (Fig. 5B). Consistent with the reduced 5-

HT uptake, treatment of ventral striatal synaptosomes with U69,593 or U50,488 

significantly reduced surface SERT protein without changing the total SERT protein levels 

(Fig. 6A and 6B). Treatment of 32P-labeled ventral striatal synaptosomes with U69,593 

resulted in increased 32P-labeled SERT protein (Fig. 6C and 6D). While U69,593 at 0.5 and 

1 μM concentrations increased 32P-labeled SERT non-significantly, significantly elevated 

SERT phosphorylation was observed at 5 and 10 μM concentrations of U69,593. This 

elevated SERT phosphorylation at 5 and 10 μM U69,593 paralleled with decreased 5-HT 

uptake, as shown in Figure 5A. Thus, analogous to our results using a heterologous 

coexpression cell model (Figs. 1, 3, 4), KOR activation and perhaps subsequent activation of 

Akt and CaMKII resulted in the inhibition of SERT activity and reduced SERT surface 

expression while elevating SERT phosphorylation in rat striatal synaptosomes.

4. Discussion

The present study demonstrates that acute activation of KOR reduces SERT-mediated 5-HT 

uptake and SERT surface expression in EM4 cells coexpressing SERT and KOR. In 

addition, KOR activation enhances SERT phosphorylation in this in vitro heterologous 
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expression system. Similar effects were observed in neuronal preparations of rat striatal 

synaptosomes, which endogenously express native SERT and KOR. In addition, this study 

reveals the involvement of Akt and CaMKII as downstream signaling kinases involved in 

SERT regulation following KOR activation. Substantial evidence exists documenting that 

SERT function and surface expression are dynamically regulated by several cellular protein 

kinases, including Akt, CaMKII, PKC, p38 MAPK, PKG and Src (Jayanthi et al., 1994; 

Jayanthi et al., 2005; Qian et al., 1997; Rajamanickam et al., 2015; Ramamoorthy et al., 

2007; Ramamoorthy et al., 2011; Samuvel et al., 2005). It has been postulated that 

autoreceptors and heteroreceptors present on serotonergic neurons play an important role in 

modulating intracellular kinase/phosphatase signaling cascades that in turn regulate SERT 

function and 5-HT signaling. Supportive to this notion is evidence that the autoreceptor 5-

HT1B and heteroreceptors including adenosine-, atypical histamine-, α2 adrenergic-, and 

TrkB receptors regulate SERT activity (Benmansour et al., 2008; Daws et al., 2000; Launay 

et al., 1994; Matheus et al., 2009; Miller and Hoffman, 1994; Zhu et al., 2004). Expression 

of KOR as a heteroreceptor on serotonergic neurons and neuronal terminals is well 

documented (Berger et al., 2006; Kalyuzhny and Wessendorf, 1999). Activation of KOR by 

stress-induced endogenous KOR ligand dynorphin or synthetic KOR agonists decrease 5-HT 

release (Grilli et al., 2009; Tao and Auerbach, 2002). By using EM4 cells that coexpress 

KOR and SERT, we demonstrated that KOR agonists U69,593 and U50,488 decrease 5-HT 

uptake and this effect is prevented by KOR antagonist BNI. Furthermore, in the absence of 

KOR coexpression, U69,593 and U50,488 failed to decrease SERT-mediated 5-HT uptake in 

EM4 cells expressing SERT only. Thus the effects of KOR ligands on SERT activity are 

mediated by activation of KOR, and KOR agonists do not reduce SERT activity via direct 

interaction with the SERT protein.

KOR activation triggers multiple intracellular signaling cascades, including activating 

ERK1/2, p38 MAPK, PKC, Src, and Akt kinases and increasing intracellular calcium 

(Belcheva et al., 2005; Bohn et al., 2000; Bruchas and Chavkin, 2010; Gurwell et al., 1996; 

Jin et al., 1992; Pan, 2003; Schmid et al., 2013). Immunoblotting experiments revealed that 

treatment of KOR-SERT coexpressing EM4 cells with U69,593 or U50,488 resulted in 

increased levels of phosphorylated Akt and CaMKII. This KOR-mediated phosphorylation 

of Akt and CaMKII is sensitive to Akt X and KN93, the inhibitors of Akt and CaMKII, 

respectively, confirming that KOR stimulation activates Akt and CaMKII in our EM4 cell 

model. Pretreatment with Akt inhibitor Akt X or CaMKII inhibitor KN93 resulted in near 

complete prevention of U69,593-induced SERT inhibition. However, the inhibitory effect of 

U69,593 was not altered by pretreatment with inhibitors of p38 MAPK, ERK1/2, or Src 

kinase but produced additive inhibition at concentrations found to inhibit SERT activity 

maximally. These results suggest that while Akt and CaMKII are involved in KOR-mediated 

SERT downregulation, p38 MAPK, ERK1/2, and Src kinase are not. Since Akt or CaMKII 

inhibitors alone inhibit SERT activity, it is possible that the blocking effect of Akt X or 

KN93 on KOR-mediated SERT inhibition can be attributed to a maximal threshold of SERT 

inhibition. However, because U69,593 produced additive inhibition of SERT activity in the 

presence of p38 MAPK or Src inhibitors, it is unlikely that the blocking effect of Akt X or 

KN93 on KOR-mediated SERT inhibition reached the maximal inhibitory threshold. 

Previous study showed that U69,593 induces Akt phosphorylation in a cell culture model 

Sundaramurthy et al. Page 11

Neuropharmacology. Author manuscript; available in PMC 2018 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



and in striatal neurons (Schmid et al., 2013). Furthermore, KOR activation increases 

intracellular calcium mobilization (Gurwell et al., 1996; Jin et al., 1992; Pan, 2003; Spencer 

et al., 1997), which might result in the activation of CaMKII. Together, these findings 

demonstrate the involvement of Akt and CaMKII in mediating KOR regulation of SERT.

The decrease in SERT activity following KOR activation is associated with decreased Vmax 

and no change in 5-HT affinity. This reduction in SERT activity occurs in parallel with a loss 

of surface SERT. Furthermore, KOR activation reduces SERT exocytosis and enhances 

SERT internalization. At present it is unclear why a cumulative effect of KOR activation on 

SERT internalization and exocytosis is not reflected in the observed net decrease in surface 

SERT expression or transport function. Phosphorylation assays revealed enhanced SERT 

phosphorylation following treatment with U69,593 or U50,488. Thus, our results point out 

that KOR-triggered signals target multiple sites of highly complex cellular regulatory 

pathways involving SERT exocytosis, endocytosis, recycling, and phosphorylation and that 

these regulatory mechanisms may act coordinately to reduce functional SERT protein levels 

on the surface without altering total SERT protein levels.

Results from the current study using rat ventral and dorsal striatum revealed a BNI-sensitive 

decrease in SERT-mediated 5-HT uptake following U69,593 or U50,488 exposure. Akt 

inhibitor Akt X and CaMKII inhibitor KN93 attenuate U69,593- and U50,488-mediated 

SERT inhibition. Furthermore, consistent with reductions in 5-HT uptake, U69,593 or 

U50,488 treatment reduces surface SERT and increases SERT phosphorylation. Analogous 

to results from the in-vitro cell culture model, the results from ex-vivo studies demonstrate 

that activation of endogenous KOR downregulates SERT activity by redistributing surface 

SERT and triggering SERT phosphorylation in the neuronal striatum. These results indicate 

a potential physiological role for dynorphin-KOR-mediated regulation of 5-HT clearance in 

the central nervous system.

Our previous studies established that inhibition of basal activity of Akt or CaMKII through 

Akt X or KN93 respectively decreases SERT function (Annamalai et al., 2012; Jayanthi et 

al., 1994; Rajamanickam et al., 2015). These SERT regulations have been studied under 

basal or unstimulated conditions and suggested that the constitutively active Akt- or 

CaMKII-mediated SERT regulation is involved in maintaining the normal-basal expression 

of SERT function. However, the endogenous receptor(s)-linked to Akt or CaMKII mediated 

SERT regulation and whether such regulations differ from basal Akt or CaMKII mediated 

SERT regulation are unknown. Thus, the current study, for the first time, reveals that KOR 

stimulated Akt and CaMKII lead to SERT inhibition in contrast to basal Akt or CaMKII 

mediated SERT regulation. Activation of the KOR has been linked to numerous molecular 

events (Bruchas and Chavkin, 2010) and SERT regulation is complex involving several 

regulatory modes (Bermingham and Blakely, 2016; Ramamoorthy et al., 2011). Future 

identification of downstream and upstream players in the activation of Akt and CaMKII 

following KOR stimulation, as well as identification of mechanisms such as phosphorylation 

and protein-protein interactions by which Akt and CaMKII modulate SERT functional 

expression, will enhance our understanding of the molecular basis of KOR-modulated 5-HT 

neurotransmission. Furthermore, future studies are certainly needed to understand how 
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presynaptic receptor(s)- triggered multiple signaling pathways converge to regulate SERT in 

order to maintain serotonin homeostasis in milieu of various incoming external signals.

KOR-mediated SERT regulation may differ in certain models or under certain experimental 

conditions because various signaling pathways can be activated following KOR-activation 

depending on the cellular and environmental context. Thus, regulation of SERT activity and 

trafficking in response to KOR activation might differ from what we have observed in rat 

striatal synaptosomes and EM4-KOR-SERT coexpressing cells. For example, reported 

studies have documented that stress-induced KOR activation increases SERT activity and 

surface SERT levels via p38 MAPK-dependent pathway in mice (Bruchas et al., 2011; 

Schindler et al., 2012). Previously, we have demonstrated the requirement of p38 MAPK in 

constitutive expression of SERT and that p38 MAPK stimulation increases SERT activity, 

surface expression, and phosphorylation by influencing SERT membrane delivery (Samuvel 

et al., 2005). However, we are unable to reproduce the KOR-mediated increase in SERT 

activity in our EM4 cell model coexpressing SERT and KOR or in rat ventral and dorsal 

striatal preparations. Although different assays ([3H]5-HT uptake versus rotating disk 

electrode voltammetry) and species (mice versus rats) are employed, the discrepancies 

between our studies and others remain to be understood. Species differences in KOR-

mediated functional signaling have been reported (DiMattio et al., 2015). In addition, there 

are many possible mechanisms that might be involved in KOR-mediated differential SERT 

regulation. It has been documented that KOR activation triggers differential neurochemical 

and behavioral outcomes based on short- and long-term KOR stimulation and the type of 

KOR ligands (reviewed in (Wee and Koob, 2010)). Short-term KOR agonist administrations 

decrease amine release, mediate aversive, antidepressant-like behavior, and suppress cocaine 

stimulatory and reward effects (Braida et al., 2009; Crawford et al., 1995; Gray et al., 1999; 

McLaughlin et al., 2006; Negus et al., 1997; Potter et al., 2011; Schenk et al., 1999; 

Shippenberg et al., 1996; Shippenberg et al., 1998; Spanagel et al., 1990; Tomasiewicz et al., 

2008; Zhang et al., 2004). In contrast to short-term effects, repeated KOR agonist potentiate 

K+-triggered amine release, mediate pro-depressant like behavior, and augment drug seeking 

(Carlezon et al., 2006; Chartoff et al., 2008; Ebner et al., 2010; Fuentealba et al., 2006; 

Mague et al., 2003; McLaughlin et al., 2006; Potter et al., 2011). Nonetheless, unbiased and 

biased KOR agonists trigger differential signaling cascades and behaviors (Morgenweck et 

al., 2015; White et al., 2015). Therefore, it is possible that depending on the agonist and 

duration of KOR stimulation, KOR may trigger distinct signaling pathways that could 

induce differential regulation of SERT function. It has been shown that while short-term 

KOR activation stimulates DAT activity, long-term KOR agonist administration decreases 

DAT activity (Thompson et al., 2000). The neuronal mechanisms by which short- and long-

term KOR stimulation modulates differential behavioral effects are largely unknown. We 

speculate that as a consequence of the differential effects of KOR stimulation on 5-HT 

release and synaptic clearance, the duration and concentration of synaptic 5-HT is altered, 

and thus altered 5-HT neurotransmission may be one neuronal mechanism that contributes to 

the behavioral effects of KOR ligands.

Previously, we have reported biphasic regulation of SERT activity dependent on the duration 

of kinase activation via differential SERT phosphorylation sites (Jayanthi et al., 2005). We 

postulated that the initial kinase-mediated phosphorylation of SERT may serve as a priming 
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step to access or to not access additional SERT post-translational modifications in response 

to the next wave of signaling. Thus it is conceivable that the differences in SERT function 

observed in the current study and others may arise from differential SERT post-translational 

modifications in response to differential signaling downstream of KOR activation. Since 

acute KOR activation decreases 5-HT release, reduction in synaptic 5-HT could reduce 

SERT surface expression, as our prior report has shown that SERT activity (5-HT transport) 

can antagonize downregulation of SERT (Ramamoorthy and Blakely, 1999). Moreover, it is 

also possible that decreased synaptic 5-HT might also modify 5HT1B-mediated SERT 

regulation (Daws et al., 2000). However, future studies are needed to fully understand the 

complexities of cellular signaling pathways and post-translational modifications of SERT 

and KOR. Moreover, whether KOR-induced SERT modulation alters synaptic 5-HT and 

consequent downstream mediators of 5-HT signaling and whether altered SERT-linked 

serotonergic signaling pathways contribute to the behavioral effects of KOR activation 

remain to be defined.

5. Conclusions

The results of the present study demonstrate that in both the KOR-SERT coexpressing cell 

model and the endogenous KOR-SERT expressing native rat striatal preparations, acute 

stimulation of KOR decreases SERT mediated 5-HT uptake through KOR-linked Akt and 

CaMKII dependent signaling pathways. The decrease in SERT function is associated with 

decreased surface SERT and SERT exocytosis and increased SERT internalization and 

phosphorylation, implicating these cellular processes in KOR-mediated regulation of CNS 

serotonergic neurotransmission. Given that aberrant KOR, SERT, dynorphin, and 5-HT 

systems have been implicated in depression, anxiety, stress, and drug relapse, and that 5-HT 

has a close modulatory role on the KOR system (reviewed in (Bruchas et al., 2010; 

Bruijnzeel, 2009; D’Addario et al., 2007; Di Benedetto et al., 2004; Rudnick et al., 2014; 

Tejeda et al., 2012; Wee and Koob, 2010)), understanding the precise post-translational 

mechanisms regulating SERT functional expression in response to multiple branches of 

signaling cascades downstream of KOR activation will enhance our understanding of the 

physiological role of the KOR system in regulating monoaminergic neurotransmission. 

Moreover, the molecular characterization of biogenic amines-dynorphin/KOR interactions 

will increase the understanding of the neuronal mechanisms underlying KOR and SERT 

dysregulation in stress, mood, depression, and drug addiction and lead to the identification 

of novel molecular targets for the treatment of psychiatric illnesses.
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Abbreviations

5-HT 5-hydroxytryptamine (serotonin)

Akt X Akt inhibitor X (10-(4′-(N-diethylamino)butyl)-2-chlorophenoxazine)

Akt protein kinase B/Akt
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BNI nor-binaltorphimine

CaMKII Calcium calmodulin dependent kinase II

DAT dopamine transporter

DMEM Dulbecco’s modified Eagle’s medium

GPCR G-protein coupled receptor

HEK-293 human embryonic kidney cells

hSERT human SERT

KOR kappa-opioid receptor

KRH Krebs-Ringer-HEPES buffer

NAc nucleus accumbens

NET norepinephrine transporter

PAGE polyacrylamide gel electrophoresis

PBS phosphate buffered saline

PKC protein kinase C

PKG protein kinase G

RIPA radioimmunoprecipitation assay lysis buffer

SERT serotonin transporter

SSRI serotonin selective reuptake inhibitors

TfR transferrin receptor
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Highlights

• K-opioid receptor agonists produce conditional aversive and pro-

depressant-like effects

• SERT is one of the major determinants of synaptic 5-HT and 

serotonergic neurotransmission

• K-opioid receptor activation decreases 5-HT uptake through Akt and 

CaMKII pathways

• K-opioid receptor activation decreases SERT surface expression and 

increases SERT phosphorylation and endocytosis

• K-opioid receptor activation decreases serotonin clearance in the 

striatum
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Figure 1. Regulation of 5-HT uptake (SERT activity) by KOR ligands in EM4 cells
EM4 cells were transfected with hSERT plus either pcDNA3 (empty vector) or KOR. After 

24 hrs, cells were treated with KOR ligands or the vehicle as described under “Materials and 

Methods”. Non-specific 5-HT uptake in the presence of 0.1 μM fluoxetine was subtracted 

from the total 5-HT uptake to obtain SERT mediated 5-HT transport. The results were 

expressed as percentage of 5-HT uptake by vehicle-E or vehicle-B (100%) treated cells and 

provided as mean ± S.E.M of three independent experiments performed in duplicates or 

triplicates. A, B. Dose dependent effect of KOR-agonists U69,593 and U50,488: Cells were 

pre-incubated with indicated concentrations of U69,593 or U50,488 or corresponding 

vehicle (Vehicle-E or Vehicle-B) for 15 min at 37°C followed by 5-HT uptake assays. Both 
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U69,593 and U50,488 decreased SERT activity (One-way ANOVA: F(7,34) = 12.12, P 

<0.0001 for U69,595 and F(7,48) = 120.1, P <0.0001 for U50,488). Bonferroni’s post hoc 

test: *p <0.05; **p < 0,01; ***p <0.001 U69,593 or U50,488 versus Vehicle-E (U69,593) or 

Vehicle-B (U50,488). C, D. Time dependent effect of KOR-agonists U69,593 and U50,488: 
Cells were pre-incubated with vehicle or 10 μM U69,593 or U50,488 for indicated times 

prior to 5-HT uptake assay. (One-way ANOVA: F(7,40) = 4.94, P <0.0004 for U69,595 and 

F(4,30) = 30.38, P <0.0001 for U50,488). Bonferroni’s post hoc test: *p <0.05; **p < 0,01; 

***p <0.001 U69,593 or U50,488 versus control vehicle (Vehicle-E (U69,593) or Vehicle-B 

(U50,488). E, Effect of KOR antagonist BNI on U69,593 or U50,488-mediated down 
regulation of SERT function: Pre-incubation of BNI (1 μM, 60 min) prior to U69,593 or 

U50,488 (10 μM, 15 min) exposure prevents U69,593 or U50,488-mediated SERT down 

regulation (One-way ANOVA: F(5,47) = 8.16, P <0.0001). Bonferroni’s post hoc test: **p 
<0.01; ***p < 0,001 U69,593 or U50,488 versus control vehicle (contained both ethanol and 

buffer vehicle); ^^^p <0.001 verses U69,593; #p < 0.05 versus U50,488). F. U69,593 and 
U50,488 decreases SERT activity through KOR activation: EM4 cells expressing SERT with 

out the expression of KOR were treated with U69,593 or U50,488 (10 μM) or corresponding 

vehicle (contained both ethanol and buffer vehicle) for 15 min at 37°C followed by 6 min 5-

HT uptake assays. In the absence of KOR coexpression, U69,593 and U50,488 failed to 

decrease SERT-mediated 5-HT uptake in cells expressing SERT. (One-way ANOVA: 

F(5=2,15) = 0.12, P <0.089).
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Figure 2. Effect of KOR activation on SERT kinetics in EM4 cells
EM4 cells coexpressing SERT and KOR were treated with 10 μM U69,593 or Vehicle-E for 

15 min at 37°C. At the end of the treatments, SERT mediated 5-HT uptake (6 min) was 

measured over a concentration range of 0.025 to 2 μM 5-HT as described under “Materials 

and Methods” and in Figure 1 legend. Nonspecific uptake at each concentration of 5-HT 

used (in the presence of 0.01 μM fluoxetine) was subtracted from total uptake (measured in 

the absence of fluoxetine) to calculate SERT specific 5-HT uptake. Values represent the 

average ± S.E.M of 4–6 values. Nonlinear curve fits of uptake data (Michaelis-Menten 

equation) are given. *p<0.026 (Vmax U69,593 versus Vehicle-E, Student’s t test: t=5.368, 

df=2.21). Km: U69,593 versus vehicle, Student’s t test: t=0.639, df=2.66, p<0.574.
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Figure 3. Effect of protein kinase inhibitors on KOR mediated down regulation of SERT activity 
and on the levels of active Akt and CaMKII in EM4 cells
A. Additive and non-additive effects of kinase inhibitors on KOR- mediated down regulation 
of SERT activity: EM4 cells coexpressing SERT and KOR were pre-incubated with kinase 

inhibitors at maximal effective doses on the SERT activity (20 μM Akt X (Akt) or 2 μM 

KN93 (CaMKII) or 20 μM PD169316 (p38 MAPK) or 20 μM PD98059 (ERK1/2) or 20 μM 

PP2 (Src), see ref. (Annamalai et al., 2012; Rajamanickam et al., 2015; Samuvel et al., 

2005)) or corresponding vehicles for 45 min prior to vehicle or U69,593 exposure (10 μM, 

15 min). SERT mediated 5-HT uptake was determined as described under Figure 1 legend. 

The results were expressed as percentage of 5-HT uptake inhibition of Veh-B + Veh-E (Veh: 

Vehicle) treated cells and mean values ± S.E.M are given from three independent 
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experiments performed in duplicates or triplicates. The percent inhibition of SERT was 

compared between vehicles and U69,593 in the presence and absence of pretreated kinase 

inhibitors. ***p <0.001 versus Veh-B + Veh-E; ^^p < 0.01 versus Veh-E + U69,593 (one-

way ANOVA analysis of variance with Bonferroni’s multiple comparison test). #p <0.05 

versus PD169316 + Veh-E (t=2.28, df=9) or PD98059 + Veh-E (t=2.92, df=8) or PP2 + Veh-

E (t=4.56, df=4); ns: non-significant versus Akt X + Veh-E (p ≥0.63, t=0.50, df=10) or 

KN93 + Veh-E (p ≥0.05, t=0.69, df=10), two-tailed Student’s t test. B–E. KOR agonists 
U69,593 and U50,488 trigger CaMKII and Akt phosphorylation: KOR + SERT coexpressing 

EM4 cells were pretreated with KN93 (2 μM) or Akt X (20 μM) prior to U69,593 (10 μM) 

or U50,488 (10 μM) or the vehicle (contained both ethanol and buffer vehicles) for 15 min. 

Phosphorylated CaMKII (p-CaMKII), total CaMKII (t-CaMKII), phosphorylated Akt (p-

Akt) and total Akt (t-Akt) were determined by immunoblotting with specific antibodies as 

described under “Materials and Methods”. B. Representative immunoblot shows p-CaMKII 

and t-CaMKII levels. C. For each samples, p-CaMKII was normalized to t-CaMKII and 

percent band density was given. Both U69,593 and U50,488 stimulated CaMKII 

phosphorylation and was sensitive to pretreatment with KN93. (One-way ANOVA: F(5,27) = 

17.14, P <0.0001). Bonferroni’s post hoc test: *p < 0.05, **p <0.01 U69,593 or U50,488 

versus control vehicle; +p < 0.05 KN93 versus control vehicle; ^^^p <0.001 KN93 + 

U69,593 verses U69,593; #p < 0.05 KN93 + U50,488 versus U50,488). D. Representative 

immunoblot shows p-Akt and t-Akt levels. E. For each samples, p-Akt was normalized to t-

Akt and percent band density was given. Both U69,593 and U50,488 stimulated Akt 

phosphorylation, and was sensitive to pretreatment with Akt X. (One-way ANOVA: F(5,20) = 

8.92, P <0.0001). Bonferroni’s post hoc test: *p < 0.05, **p <0.01 U69,593 or U50,488 

versus control vehicle; +p < 0.05 Akt X versus control vehicle; ^^p <0.001 Akt X + U69,593 

verses U69,593; #p < 0.05 Akt X + U50,488 versus U50,488).
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Figure 4. Effect of KOR activation on SERT trafficking and phosphorylation in EM4 cells
EM4 cells coexpressing SERT and KOR were used to determine SERT surface expression, 

endocytosis and exocytosis of SERT protein and SERT phosphorylation as described under 

“Materials and Methods”. A to H, cells were treated with vehicle or U69,593 (10 μM) or 

U50,488 (10 μM) for 15 min at 37°C. The effect of U69,593 was compared with Vehicle-E 

containing 0.1% ethanol and the effect of U50,488 was compared with Vehicle-B containing 

KRH buffer. A, B. SERT surface expression: A, representative SERT immunoblots show 

total, biotinylated (surface) and non-biotinylated (intracellular) SERT (~96 kDa). B, the 

relative band densities of biotinylated SERT and non-biotinylated SERT that was normalized 

with total SERT from four separate experiments are presented as mean ± S.E.M. *p <0.05 
U69,593 versus Vehicle-E. C, D. SERT internalization/endocytosis: C, a representative 
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immunoblot shows the total biotinylated (lane 1, with out MesNa strip) and internalized-

biotin-tagged SERT in Vehicle-E treated cells at 4°C and 37°C, and U69,593 treated cells at 

37°C following MesNa treatment. D, SERT band densities of internalized/biotinylated SERT 

(mean ± S.E.M.) are given. *p <0.05 U69,593 versus Vehicle-E (Student’s t test, N=3). In 

parallel experiments, cells treated with Vehicle-E were kept at 4°C and total surface 

biotinylated SERT (without MesNa) and after MesNa treatment (background) were 

determined to examine the effectiveness of MesNa to remove biotin from biotinylated 

surface proteins. Note that under nonpermissive endocytosis conditions (4°C) after MesNa 

treatment, only less than ~5–10% biotinylated SERT (background) was evident from total 

amount of biotinylated SERT at 4°C (C: first two lanes) E, F. SERT plasma membrane 
insertion (exocytosis): E, a representative immunoblot shows total SERT, the newly inserted 

or plasma membrane surface delivered-biotin-tagged SERT and transferrin (TfR). F, the bar 

graph shows the densities of newly inserted plasma membrane SERT from three experiments 

(Mean ± S.E.M.). **p <0,01 U69,593 versus Vehicle-E (Student’s t test, N=3). In parallel 

experiments, cells treated with Vehicle-E were kept at trafficking nonpermissive condition 

(4°C) and total biotinylated SERT (without sulfo-NHS-acetate treatment) and after sulfo-

NHS-acetate treatment (background) were performed to determine the effectiveness of 

sulfo-NHS-acetate to block all biotinylatable free amino groups. Note that under trafficking 

nonpermissive condition (4°C) after sulfo-NHS-acetate treatment, only less than ~5 

biotinylated SERT (background) was evident from total amount of biotinylated SERT at 4°C 

(E: first two lanes). G, H. SERT phosphorylation: G, a representative autoradiogram 

shows 32P-labelled SERT band (~96 kDa) in Vehicle-E, U69,593 and U50,488 treated cells. 

H, the bar graph shows the relative 32P-labelled SERT band intensity (N=2).
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Figure 5. Effect of KOR activation on native SERT function and phosphorylation in ventral and 
dorsal striatal synaptosomes
A. Dose dependent effect of KOR-agonists U69,593 and U50,488 on SERT activity: 
Synaptosomes prepared from ventral and dorsal striatum were preincubated with Vehicle-E 

or various concentrations of U69,593 (μM: 2.5, 5, 10) or Vehicle-B or U50,488 (μM: 2.5, 5, 

10) for 15 min at 37°C before 5-HT uptake assays. Treatment with BNI (1 μM, 60 min) was 

carried out prior to U69,593 or U50,488 (10 μM, 15 min) treatment. 5-HT uptake was 

determined after 6-min incubation at 37°C using [3H]labeled 5-HT (40 nM) as described 

under “Materials and Methods”. SERT specific 5-HT uptake was determined by subtracting 

5-HT accumulation in the presence of 0.1 μM fluoxetine from total 5-HT accumulation (in 

the absence of fluoxetine). The results were presented as percent change from corresponding 

vehicle treated controls. Both U69,593 and U50,488 decreased SERT activity (One-way 

ANOVA: U69,595/ventral striatum: F(3,8) = 33.01, P <0.01; U69,595/dorsal striatum: F(3,8) 

= 6.16, P <0.0001; U50,488/ventral striatum: F(3,8) = 105.7, P <0.0001 and U50,488/dorsal 

striatum: F(3,8) = 20.87, P <0.0004). Bonferroni’s post hoc test: *p <0.05; **p <0,01; ***p < 
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0.001 versus corresponding vehicles; ^^p < 0.001 versus U69,593 (10 μM); ††p <0.001 

versus U50,488 (10 μM). B. The effects of Akt and CaMKII inhibition on KOR mediated 
reduction in SERT activity: Pretreatment of Akt X (20 μM) or KN93 (2 μM) for 45 min prior 

to U69,593 or U50,488 (10 μM, 15 min) treatment attenuated inhibitory effects of U69,593 

or 50,488 on SERT activity (One-way ANOVA: F(5,46) = 18.57, P <0.0001). ***p <0.001 
versus Vehicle + U69,593; ^^p <0,01, ^^^p <0.001 versus Vehicle + U50,488 (Bonferroni’s 

post hoc test). Vehicle contained both ethanol and buffer.
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Figure 6. Effect of KOR activation on SERT expression and phosphorylation in ventral striatal 
synaptosomes
A, B. Effect of U69,593 or U50,488 on SERT expression: Ventral striatal synaptosomes 

were treated with Vehicle-E, U69,593 or Vehicle-B or U50,488 (10 μM, 15 min) followed by 

surface protein biotinylation. Isolation of surface biotinylated proteins and SERT 

immunoblots were performed as described under “Materials and Methods”. A, 
representative SERT immunoblots and D, quantitation of biotinylated SERT band densities 

(~96 kDa, arbitrary units) **p <0,01 Vehicle-E versus U69,593 (t=8.02, df=4, N=3); ^p 
<0.05 Vehicle-B versus U50,488 (t=3.07, df=6; N=4) (Two-tailed Student’s t test). C, D. 
Dose dependent effect of U69,593 on native SERT phosphorylation: Synaptosomes (ventral 

striatum) were metabolically labeled with [32P]orthophosphate for 45 min at 37°C and then 

treated with Vehicle-E or various concentrations of U69,593 (μM: 0.5, 1, 5, 10) for 15 min at 

37°C. Immunoprecipitation, SDS-PAGE and autoradiography were performed as given 

under “Materials and Methods”. C the autoradiogram shown is a representative of four 

independent experiments. D. The bar graph shows the percent average of 32P-labelled SERT 

band (~96 kDa) density from vehicle treated control (F(4,18) = 5.36, P <0.005; **p <0.01 

versus Vehicle-E from one-way ANOVA analysis of variance with Bonferroni’s multiple 

comparison test).
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