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Abstract 

Canonically, opioids influence cells by binding to a G protein-coupled opioid receptor 

(GPCR), initiating intracellular signaling cascades such as protein kinase (PKA) (Bernstein and 

Welch, 1998), phosphoinositide-3 kinase (PI3K) (Yin et al., 2006), and  extracellular receptor 

kinase (ERK) pathways (Muller and Unterwald, 2004). This results in several downstream 

effects, including decreased levels of the reduced-form of glutathione (GSH) and elevated 

oxidative stress (Goudas et al., 1999), as well as epigenetic changes, especially in 

retrotransposons and heterochromatin (Sun et al., 2012), although the mechanism and 

consequences of these actions are unclear. We characterized the acute and long-term influence of 

morphine on redox and methylation status (including DNA methylation levels) in cultured 

neuronal SH-SY5Y cells. Acting via μ opioid receptors (MORs), morphine inhibits EAAT3-

mediated cysteine uptake via multiple signaling pathways, involving different G-proteins and 

protein kinases in a temporal manner. Decreased cysteine uptake was associated with decreases 

in both the redox and methylation status of neuronal cells, as defined by the ratios of reduced 

(GSH) to oxidized (GSSG) forms of glutathione and S-adenosylmethionine (SAM) to S-

adenosylhomocysteine (SAH) levels, respectively. Further, morphine induced global DNA 

methylation changes, including CpG sites in LINE-1 retrotransposons, resulting in increased 

LINE-1 mRNA. Together, these findings illuminate the mechanism by which morphine, and 

potentially other opioids, can influence neuronal-cell redox and methylation status including 

DNA methylation. Since epigenetic changes are implicated in drug addiction and tolerance 

phenomenon (Renthal and Nestler, 2008), this study could potentially extrapolate to elucidate a 

novel mechanism for action of other drugs of abuse. 
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Introduction 

Opioids, as exemplified by morphine, are a primary option for managing acute and chronic pain, 

but development of tolerance and addiction is a major problem. Specific downstream signaling 

cascades of MOR have been documented to contribute towards development of morphine 

tolerance (Bernstein and Welch, 1998; Christie, 2008). Similarly, opioid-induced oxidative stress 

and decreased levels of the antioxidant GSH are also suggested to contribute to opioid addiction 

(Xu et al., 2006); however, the mechanism through which morphine promotes oxidative stress is 

unclear. Moreover, the sequence of events by which morphine-induced oxidative stress might 

contribute to development of tolerance and opioid addiction is poorly characterized. 

GSH is the major intracellular antioxidant throughout the body, and it is especially 

critical in the brain, due to a high rate of aerobic metabolism (Aoyama et al., 2008; Rose et al., 

2012). Despite this, neuronal concentrations of GSH are lower than other cell types (Aoyama et 

al., 2006), allowing minor fluctuations in GSH homoeostasis to readily induce oxidative stress-

related neuronal damage (Aoyama et al., 2006). As in other cells, cysteine is the rate-limiting 

precursor for neuronal GSH synthesis (Aoyama et al., 2008); however, unlike other cells in the 

brain which take up cystine and reduce it to cysteine for GSH synthesis, neurons primarily 

depend upon uptake of extracellular cysteine, which is derived from GSH exported by astrocytes 

(Aoyama et al., 2008). 

Excitatory amino acid transporter type 3 (EAAT3), also known as EAAC1, provides the 

primary route of cysteine uptake by neurons, and a knockout of EAAT3 leads to significantly 

reduced neuronal GSH levels and neurodegeneration (Aoyama et al., 2006; Chen and Swanson, 

2003; Himi et al., 2003). Under basal conditions, EAAT3 is primarily sequestered in intracellular 
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vesicles, with only about 20% of the transporter being localized at the cell surface. Several 

factors, e.g. glutamate transporter regulator 3-18 (GTRAP3-18), growth factors and PKC 

regulate trafficking of EAAT3 to the cell surface (Himi et al., 2003; Nieoullon et al., 2006; 

Watabe et al., 2008).  

A second source of intracellular cysteine for GSH synthesis is provided by 

transsulfuration of homocysteine (HCY), a product of the methionine cycle of methylation. 

However, in neurons this pathway is only a minor contributor to GSH synthesis, due to lower 

activity of cystathionine-gamma-lyase (Aoyama et al., 2008), as illustrated in Fig. 1. 

Alternatively, HCY can be converted to methionine via the activity of methionine synthase 

(MS), and MS activity is dependent upon the GSH-based redox status of the cell (Waly et al., 

2011). Methionine is a precursor for SAM, which donates methyl groups for more than 250 

methylation reactions, and is subsequently converted to SAH upon methyl group donation 

(Cheng and Blumenthal, 1999). SAH is reversibly converted to HCY and, since SAH 

accumulation can inhibit methyltransferase reactions, MS activity and the relative levels of SAM 

and SAH dictate the intracellular methylation potential, further affecting protein, RNA (Trivedi 

and Deth, 2012), DNA and histone methylation (Chiang et al., 1996). Thus, redox status 

regulates methylation status in neurons, through the intermediate involvement of MS.  

Chronic morphine administration down-regulates spinal EAAT3 levels via PKA-

dependent induction of its ubiquitin/proteasome-mediated degradation (Mao et al., 2002; Yang et 

al., 2008), and it has been proposed that this morphine-induced decline in cell-surface EAAT3 

expression might contribute to development of morphine tolerance (Mao et al., 2002) and 

associated withdrawal symptoms (Xu et al., 2003). Additionally, morphine-induced condition 
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place preference (CPP) is shown to be associated with decreased EAAT3 expression in 

hippocampus (Liu et al., 2011). However, the effect of morphine on EAAT3-mediated cysteine 

transport and GSH status in neuronal cells has not been characterized. In this study, we 

investigated the effects of morphine on EAAT3-mediated cysteine uptake in SH-SY5Y 

neuroblastoma cells, and assessed its subsequent impact on intracellular levels of GSH and 

GSSG.  

Epigenetic changes, including changes in both DNA and histone methylation, have 

recently been reported in nucleus accumbens and other brain regions following morphine 

administration (Maze and Nestler, 2011; Sun et al., 2012).  Since DNA methylation is dependent 

upon SAM and SAH levels, we investigated whether morphine-induced changes in GSH/GSSG 

and SAM/SAH are translated into changes in global DNA methylation levels. Lastly, morphine-

induced changes in epigenetic regulation of repetitive elements, especially LINE-1 

retrotransposons, have also been recently reported (Sun et al., 2012). Thus, we also investigated 

the effect of morphine treatment on the methylation status of CpG sites in LINE-1 

retrotransposon and the consequential changes in LINE-1 transcript levels.  
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Materials and Methods 

Materials 

Minimum essential medium, alpha-modification (α-MEM), trypsin, Hank’s balanced salt 

solution (HBSS) and penicillin/streptomycin antibiotic solution were purchased from Mediatech 

(Manassas, VA). Fetal bovine serum (FBS) was obtained from Hyclone (Logan, UT). [35S]-

cysteine was purchased from American Radiolabeled Chemicals (St. Louis, MO). SH-SY5Y 

human neuroblastoma cells were purchased from ATCC® (Manassas, VA). 

Cell Culture 

Cells were grown as monolayers in 10 cm tissue culture dishes, containing 10 mL of alpha-

modified Minimum Essential Medium (α-MEM) supplemented with 1% penicillin-streptomycin-

fungizone (antibiotics) and 10% fetal bovine serum (FBS), in an incubator chamber with 5% 

CO2 at 37°C. For most experiments, cells were plated and incubated for 48 hours prior to use.  

 

Cysteine Uptake 

Cysteine uptake was evaluated using the method developed by Chen and Swanson (Chen and 

Swanson, 2003). In brief, SH-SY5Y human neuroblastoma cells were plated in six-well standard 

tissue culture plates containing 2 mL of media for 48 hours before the assay. Confluent cells 

were then pretreated and incubated for various time-points prior to measuring uptake. Media was 

aspirated after pretreatment and cells were washed with 600 μL of 37°C Hanks Buffered Salt 

Solution (HBSS). Non-radioactive HBSS was aspirated, replaced with 600 μL of 37°C HBSS 

containing radiolabeled cysteine ([35S]cysteine, (1 μCi/ mL)), 10 μM unlabeled cysteine and 100 
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μM DTT, and incubated for 5 minutes. The [35S]cysteine/HBSS mixture was aspirated and 

treatment was terminated with 2X washes of ice-cold HBSS. Cells were then lysed with 600 μL 

of dH2O, scraped, collected in 1.5 mL microcentrifuge tubes, and sonicated for 10 seconds. 100 

μL of each sample was aliquoted for a Lowry protein assay. 200 μL of each sample (in triplicate) 

was aliquoted into scintillation vials with 4 mL of scintillation fluid, vortexed, and counted for 

radioactivity. Samples were normalized against protein content. Protein concentration was 

determined by the modified Lowry method for protein quantification using bovine serum 

albumin (BSA) as the standard. 

 

Isolation of intracellular thiol metabolites: 

 

SH-SY5Y neuroblastoma cells were grown to confluence in α-MEM as above, and morphine or 

other drugs were added for specified periods of time, similar to cysteine uptake studies. Media 

was aspirated and the cells were washed 2X with 1 mL of ice cold HBSS. HBSS was aspirated 

and 0.6 mL ice cold dH2O was added to the cells. Cells were scraped from the flask/dish and 

suspended in the dH2O. The cell suspension was sonicated for 15 seconds on ice and 100 μL of 

sonicate was used to determine protein content. The remaining lysate was added to a 

microcentrifuge tube and an equal volume of 0.4 N perchloric acid was added, followed by 

incubation on ice for 5 min. Samples were centrifuged at 13,000 RPM and the supernatant 

transferred to new microcentrifuge tubes. 100 μL of sample was added to a conical 

microautosampler vial and kept at 4oC in the autosampler cooling tray. 10 μL of this sample was 

injected into the HPLC system.  
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HPLC measurement of intracellular thiols:  

The separation of redox and methylation pathway metabolites was accomplished using an 

Agilent Eclipse XDB-C8 analytical column (3 x 150 mm; 3.5 μm) and an Agilent Eclipse XDB-

C8 (4.6 x 12.5 mm; 5 μm) guard column. Two mobile phases were used: Mobile Phase A was 

0% acetonitrile, 25 mM sodium phosphate, 1.4 mM 1-octanesulfonic acid, adjusted to pH 2.65 

with phosphoric acid. Mobile Phase B was 50% acetonitrile. The flow rate was initially set at 0.6 

mL/min and a step gradient was utilized: 0-9 min 0% B, 9-19 min 50% B, 19-30 min 50% B. 

The column was then equilibrated with 5% B for 12min prior to the next run. Temperature was 

maintained at 27 ºC. The electrochemical detector was an ESA CoulArray with BDD Analytical 

cell Model 5040 and the operating potential was set at 1500 mV. Sample concentrations were 

determined from the peak areas of metabolites using standard calibration curves and ESA-

supplied HPLC software. Sample concentrations were normalized against protein content. In 

some cases samples were diluted in mobile phase as needed or up to 50 μL of sample were 

injected to assure that thiol levels were within the range of the standard curve. 

DNA Isolation 

DNA from cultured cells after appropriate treatment for the analysis of DNA methylation was 

harvested and isolated as previously described (Hodgson et al., 2013) using the FitAmpTM Blood 

& Cultured Cell DNA Extraction Kit from Epigentek®. The full protocol can be obtained from 

the manufacturer’s website. Isolated DNA was quantified using a ND-1000 NanoDrop 

spectrophotometer.  
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DNA Methylation Analysis 

DNA was isolated from SH-SY5Y cell culture after various pretreatments and any contaminating 

RNA was removed by RNAase treatment. Assessment of global DNA methylation status was 

accomplished as described previously (Hodgson et al., 2013) using the MethylFlash® 

Methylated DNA Quantification Kit from EPIGENTEK® (See manufacturer’s website for full 

protocol). The methylated fraction of DNA was identified using 5-methylcytosine monoclonal 

antibodies and quantified by an ELISA-like reaction. The levels of methylated DNA were 

calculated using the OD intensity on a microplate reader at 450 nm. 

Genome wide CpG methylation: Fragmentation and MBD-capture 

Genomic DNA was extracted from samples with the Easy DNA kit (Invitrogen K1800-01) using 

the appropriate protocol for cell lines. For a full overview of the MethylCap-Seq protocol, refer 

to (De Meyer et al., 2013). In summary, fragmentation was performed with a Covaris S2 with the 

following settings: duty cycle 10%, intensity 5, 200 cycles per burst during 200 sec, to obtain 

fragments with an average length of 200 bp. The power mode was frequency sweeping, 

temperature 6-8o C, water level 12. A maximum of 5 µg was loaded in 130 µL Tris-EDTA in a 

microtube with adaptive focused acoustics (AFA) intensifier. For samples with less DNA input 

(down to 500 ng) we diluted the DNA in 1:5 diluted TE. DNA with an input from 5- 3 µg was 

analyzed on the Agilent 2100 on a DNA 1000 chip. DNA with an input lower than 3 µg was 

concentrated in a rotary evaporator to 25 µL and the fragment distribution checked on a high 

sensitivity DNA chip. Methylated DNA was captured using the MethylCap kit (Diagenode, 

Belgium), according to the manufacturer’s protocol; starting concentration was 200 ng. The yield 

was typically between 0.5 and 8 ng total captured DNA. Fragments were subsequently 
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sequenced using the Illumina Genome Analyzer II. The concentrations of the fragmented and 

captured DNA was determined on a Fluostar Optima plate reader with the Quant-iT PicoGreen 

dsDNA Assay Kit (Invitrogen P7589) at 480/520nm.  

To prepare the DNA library we used the DNA Sample Prep Master Mix Set 1 (NEB E6040) in 

combination with the Multiplexing Sample Preparation Oligo Kit (96 samples, Illumina PE-400-

1001). We use the entire fragmented DNA and followed the NEB protocols.  NEBNext End 

Repair Module Protocol: Purify with a Qiaquick PCR Purification Kit (Qiagen 28104) and elute 

in 37 µL Elution Buffer (EB). NEBNext dA-tailing Module Protocol: Purify on a Minelute PCR 

Purification Kit (Qiagen 28004) and elute in 25 µL EB. NEBNext Quick Ligation Module 

Protocol: Purify on a Minelute PCR Purification Kit (Qiagen 28004) and elute in 30 µL EB, 

using the multiplexing sequencing adapters provided in the Multiplexing Sample Preparation 

Oligo Kit. Size selection of the library was done on a 2% agarose gel (Low Range Ultra Agarose 

Biorad 161-3107). We used a 1Kb Plus ladder (Invitrogen 10787-018) and ran the gel at 120 V 

for 2 hrs. A fragment of 300 bps +/- 50bps was excised and eluted on a Qiagen Gel Extraction 

Kit column (Qiagen 28704) and eluted in 23 µL EB. 

We followed the Illumina library amplification index protocol with the following alterations: We 

used 22 µL DNA and performed 21 cycles. The sample was purified on a Qiaquick PCR 

Purification column (Qiagen 28101) and eluted in 50 µL EB, 1:5 diluted, concentrate in a rotary 

evaporator to 10 µL and 1 µL was applied to a Agilent 2100 HS DNA chip and the concentration 

was determined by smear analysis on the Agilent 2100. The samples were diluted to 10 nM. 

After denaturation with NaOH we diluted the samples to 16 pM. The Paired-End flow cell was 

prepared according to the Cluster Station User Guide. Sequencing was performed according to 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on February 25, 2014 as DOI: 10.1124/mol.114.091728

 at A
SPE

T
 Journals on A

pril 19, 2024
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


  MOL # 91728 

 

 

12 

 

 

 

the HiSeq user guide (performing a Multiplexed PE Run), with 2 x 51 cycles for the paired end 

runs. 

Analysis of the methylation levels in the repeat elements LINE-1  

Reads from each sample were mapped onto the repeat element LINE1 sequence. All LINE-1 

elements were selected by searching the RepeatMasker table (assembly of April 2003) at 

http://genome.ucsc.edu for all L1 elements. Full-length elements belonging to the LINE-1 family 

were then aligned to each other and mapped using low stringency settings (bowtie, single end, 

allowed multiple hits = 1000, mismatches in the seed = 1). The number of elements mapped and 

counted for each treatment datapoint  can be found in Supplemental Table S3. We then evaluated 

the average mapped read ratios for each group vs. control and calculated a corresponding Chi-

Square value and depicted them, along with the methylation ratio,  which depicts the odds ratio 

normalizing  the 5meC levels for treated groups against the  control group.  

Bisulfite sequencing for measuring site-specific CpG methylation in LINE1 

retrotransposons 

For bisulfite sequencing, DNA was isolated from SH-SY5Y cells using the FitAmpTM Blood & 

Cultured Cell DNA Extraction Kit from EPIGENTEK®. The extracted DNA (500 ng; 

concentration: 50 ng/mL) was treated with the EZ DNA Methylation-Gold Kit (Zymo Research, 

Orange, CA, USA) according to the manufacturer’s protocol. 30 mL of M-Elution Buffer (Zymo 

Research) was used for the final elution. Methylation of DNA was quantified with bisulfite 

treatment of DNA and simultaneous polymerase chain reaction (PCR) followed by 

pyrosequencing, using primers and conditions previously described.(Alexeeff et al., 2013) A 50-
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μL PCR was performed in 25 μL of GoTaq Green Master mix (Promega, Madison, WI, USA), 

with 1pmol biotinylated forward primer, 1 pmol reverse primer, 50 ng bisulfite-treated genomic 

DNA, and water. Results were reported as the percent of the sum total of methylated and 

unmethylated cytosines that consisted of 5-methylated cytosines (%5mC). Additionally, non-

CpG cytosine residues were used as internal controls to validate bisulfite conversion. The 

pyrosequencing-based assay can evaluate individual measures of methylation at more than one 

CpG dinucleotide. All samples were subjected to a quality control check incorporated in the 

software which evaluates the bisulfite conversion rate of any cytosine not followed by a guanine. 

LINE-1 Methylation levels were analyzed at four different CpG sites. The primer sequences is 

provided in Supplementary Table S2.  

RNA Isolation 

Cells were maintained and plated in six-well culture dishes as described above. After appropriate 

treatments, RNA was isolated as described previously (Hodgson et al., 2013) using the 

RNAqueous®-4PCR kit from Ambion®. For a full protocol please refer to the manufacturer’s 

protocol. The isolated RNA was treated with DNase, as stated in the extended RNA isolation 

protocol, followed by RNA quantification using a ND-1000 NanoDrop spectrophotometer.  

Primers 

All custom primers were designed using the Invitrogen OligoPerfect™ Designer to have between 

50-60% GC content, an annealing temperature of 60°C and a length of 20 bases. Primer sets 

were checked for primer-dimer formation and each primer was specific for the desired template. 

Full primer sequences can be found in Supplementary Table 2. GAPDH primers were uniform in 
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expression and validated in qRT-PCR studies; therefore, the housekeeping gene GAPDH was an 

appropriate internal and loading control.  

cDNA synthesis 

cDNA synthesis and subsequent PCR amplification were performed using the First strand cDNA 

synthesisTM  from Roche. The cDNA synthesis uses 1 μg RNA, 1 mM dNTP mix, 60 μM random 

hexamer primers, with sufficient molecular biology grade H20 added to achieve a final sample 

volume of 13 μL. Samples were denatured at 65°C for 5 minutes and then placed on ice. 

Transcriptor RTTM (20 units/μL), Protector RNase inhibitor™ (40 U/μL), 5x Transcriptor 

Reverse Transcriptase Reaction Buffer and molecular biology grade H20 in a final volume of 7 

μL were used in the second part of the reaction to bring the final volume to 20 μL. This was 

followed by incubation in the PTC-Thermocycler (MJ Research) at 25°C for 10 min followed by 

30 min at 55°C. The reverse transcriptase enzyme was inhibited by incubation at 85°C for 5 min. 

qRT-PCR Analysis 

qRT-PCR was performed on triplicate samples using the LightCycler®  480 qRT-PCR machine 

from Roche™ as described previously (Hodgson et al., 2013). The assay was run in 96-well 

optical reaction plates. qRT-PCR uses 5 μL of cDNA template, 10 μM sense and antisense 

primers, 10 μL SYBR Green I Master® from Roche™, and dH20 in a final volume of 20 μL. 

The following thermal parameters will be used: incubation for 5 min at 95 °C, and then 45 cycles 

of 95 °C for 10 sec, 60 °C for 20 sec and 72 °C for 30 sec, followed by a single cycle of 95 ºC 

for 5 sec, 1 min at 65 ºC and 97 ºC for the melting curve, followed by cooling at 40 ºC for 90 sec. 

No template controls were run on each plate, and dissociation curves were generated to 
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determine any non-specific products. Data were analyzed using the Roche quantification method 

Δ(ΔCt) and were normalized to GAPDH levels. 

Statistical Methods 

Graph Pad Prism® version 5.01 was used for all statistical analyses. Student’s t-test was used for 

independent means to test for significant differences between control and experimental groups. 

Data were expressed as mean ± standard error of the mean (SEM). Non-linear and linear 

regression models were used to calculate the best-fit values. Non-linear regressions used a two-

phase exponential decay function. Comparisons between multiple groups of data were conducted 

using one-way analysis of variance (ANOVA), and Turkey’s post-hoc test was used to determine 

the differences between individual groups 
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Results: 

Morphine inhibits EAAT3 mediated cysteine transport via the μ opioid receptor. 

As noted earlier, cysteine is the rate-limiting precursor for synthesis of GSH, and EAAT3 

accounts for 90% of cysteine uptake in neuronal cells, making it a key regulator of GSH 

synthesis (Chen and Swanson, 2003). We previously reported the prominent expression of 

EAAT3 in SH-SY5Y neuroblastoma cells, as compared to other EAAT family members, and we 

also showed that EAAT3 is the major route of cysteine transport in this cell line (Hodgson et al., 

2013). To investigate the effects of morphine on EAAT3 mediated cysteine uptake, we treated 

SH-SY5Y cells with graded concentrations of morphine (0.1 nM – 10 μM) for 30 minutes and 

measured [35S]-radiolabeled cysteine uptake. Morphine inhibited [35S]-radiolabeled cysteine 

transport in a dose-dependent manner, with an IC50 of 2.4 nM (Fig. 2A). Pre-treatment with 

naltrexone (a non-selective opioid antagonist) blocked morphine inhibition of [35S]-cysteine 

uptake, indicating opioid receptor involvement in mediating its inhibition of EAAT3 activity 

(Fig. 2A).   

Since SH-SY5Y cells express both μ- and δ-opioid receptors (Daijo et al., 2011), we wanted to 

identify the specific opioid receptor subtype involved in mediating morphine effects on EAAT3. 

Accordingly, we pretreated SH-SY5Y cells with either the μ-opioid receptor-specific antagonist 

D-Phe-Cys-Tyr-D-Trp-Arg-Thr-Pen-Thr-NH2 (CTAP), or the δ-opioid receptor specific 

antagonist naltrindole (NTI), prior to treatment with morphine (0.1 μM) for different time 

intervals. As shown in Fig. 2B, pre-treatment with CTAP (0.1 μM), blocked the short-term (0.5 

and 4 hours), as well as long-term (24 hours) effects of morphine, whereas NTI (0.1 μM) had no 
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effect on morphine-induced inhibition of cysteine transport at any time-point. Hence, μ-opioid 

receptor activation mediates the ability of morphine to inhibit cysteine transport via EAAT3.   

Next, we wanted to investigate whether the inhibitory effect of morphine on cysteine uptake 

alters intracellular levels of cysteine, GSH or GSSG and/or affects cellular redox status. 

Additionally, since redox status can affect SAM levels, we also measured intracellular SAM and 

SAH levels, as well as other thiol containing metabolites. For this purpose, SH-SY5Y cells were 

treated with morphine (0.1 μM) for different time intervals, and cellular thiol and thiol-ether 

metabolites, including GSH, oxidized GSH, SAM and SAH, were measured via HPLC with 

electrochemical detection. Morphine significantly decreased cellular levels of cysteine, as well as 

GSH/GSSG and SAM/SAH ratios, the latter being indicators of oxidative stress and methylation 

capacity, respectively (Fig. 4 and Supplementary Table S1). Together these results demonstrate 

the ability of morphine to influence both redox state and methylation capacity of neuronal cells 

via its inhibitory effect on EAAT3-mediated cysteine uptake. 

G proteins involved in morphine-induced inhibition of EAAT3-mediated cysteine transport 

Morphine has the ability  to activate multiple G proteins (e.g. Gi/o and Gs) in SH-SY5Y 

cells via the μ-opioid receptor (Wang et al., 2009). Hence, we wanted to characterize the specific 

G-proteins involved in mediating the effects of morphine on EAAT3-mediated cysteine uptake. 

We used pertussis toxin (PTX) and cholera toxin (CTX), to inhibit Gi/o and Gs, respectively. As 

indicated in Fig. 3A, pre-treatment with PTX (0.5 μg/mL, 24 hrs) abolished short-term (30 min 

and 4 hr) effects of morphine on cysteine transport, but did not alter long-term (24 hr) effects. 

Interestingly, pre-treatment with CTX (0.5 μg/mL, 24 hrs) blocked the long-term effects, but did 

not affect the short-term effects of morphine on cysteine transport (Fig. 3A). These results 
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indicate that short-term effects of morphine are mediated by activation of the Gi-subtype of G 

proteins, coupled to the μ-opioid receptor, whereas the long-term effects involve coupling of μ-

opioid receptors to Gs. Thus, different G proteins are coupled to the μ-opioid receptor in a 

temporal manner to induce the inhibitory effect of morphine on EAAT3 in SH-SY5Y cells.  

Protein kinases involved in morphine-induced inhibition of EAAT3-mediated cysteine 

transport 

PKA (Guillet et al., 2005; Lim et al., 2005) and ERK (Guillet et al., 2005) are involved in 

regulating the activity and surface expression of EAAT3 in SH-SY5Y cells. Studies also indicate 

differential activation of downstream protein kinases under the influence of acute vs chronic 

morphine (Bilecki et al., 2005; Muller and Unterwald, 2004). Hence, we wanted to identify the 

downstream signaling protein kinases involved in mediating the effects of morphine on EAAT3. 

For this purpose, we used the PKA inhibitor H-89 and the MAPK / ERK kinase inhibitor 

PD98059. Pre-treatment with H-89 (0.1 μM, 4 hrs) blocked short-term effects of morphine, 

whereas, pre-treatment with PD98059 (10 μM, 24 hrs) blocked long-term effects of morphine 

(Fig. 3B). These results indicate that PKA is involved in mediating the short-term effects of 

morphine and MAPK/ERK kinase is involved in mediating the long-term effects of morphine. 

Pre-treatment with protein kinase inhibitors H-89 (0.1 μM, 4 hrs) and PD98059 (10 μM, 24 hrs), 

also blocked short-term and long-term effects of morphine on cellular levels of cysteine, 

respectively (Fig. 4, Table S1), and subsequent changes in GSH/GSSG and SAM/SAH ratios 

were also blocked (Fig. 4, Table S1).  These results support previous studies indicating that PKA 

and MAPK/ERK kinase are involved in mediating the acute and chronic effects of morphine 

(Guillet et al., 2005; Lim et al., 2005; Muller and Unterwald, 2004).  
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Long-term but not short-term morphine treatment induces DNA hypomethylation. 

Morphine was recently shown to decrease histone methylation levels in nucleus 

accumbens of rodent brain (Sun et al., 2012), but the ability of morphine to affect DNA 

methylation has as yet not been characterized. Hence, we wanted to investigate if morphine-

induced changes in SAM/SAH would affect the methylation activity in the neuronal cells, 

especially DNA methylation. Global DNA methylation levels were measured using anti-5-

methylcytosine monoclonal antibodies, quantified by an ELISA-like reaction. As indicated in 

Fig. 5, global DNA methylation decreased significantly after long-term treatment with morphine, 

and this effect was blocked by pre-treatment with PD-98059 (10 μM, 24 hrs); however, short-

term treatment of morphine did not alter global DNA methylation. These changes in global DNA 

methylation levels correspond with changes in the levels of SAM/SAH under the influence of 

morphine (Fig. 4), and they indicate that morphine affects DNA methylation via a redox-

regulated methylation pathway, which is a consequence of changes in EAAT3-mediated cysteine 

transport. Previously, we showed that a specific EAAT3 blocker (L-beta-threo-benzylaspartate; 

LBTBA) can inhibit cysteine uptake and induce changes in intracellular thiol and thiol ether 

metabolites and these changes were translated further to decreased GSH/GSSG and SAM/SAH 

ratios (Hodgson et al., 2013). Furthermore, LBTBA also induced global DNA hypomethylation 

(Hodgson et al., 2013). Hence, the effects of morphine are similar to a specific inhibitor of 

EAAT3, indicating that EAAT3-mediated cysteine uptake is a key regulator of redox status and 

DNA methylation levels.  
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Morphine alters DNA methylation in repetitive elements 

Long interspersed nuclear elements (LINE-1) are the most widespread class of 

retrotransposons in mammals, constituting about 20% of mammalian genomic DNA (Lander et 

al., 2001),  and the methylation status of LINE-1 retrotransposons is used as a proxy for global 

DNA methylation (Ohka et al., 2011).  A recent study found altered histone methylation levels 

across several different classes of LINE-1 retrotransposons under the influence of morphine 

injected into the nucleus accumbens of mice  (Sun et al., 2012). Studies have also demonstrated 

mobilization, integration and regulation of LINE-1 in several brain regions, although the 

functional implications remain unclear (Luning Prak and Kazazian, 2000; Singer et al., 2010). 

Since the influence of morphine on LINE-1 DNA methylation has not as yet been characterized, 

we investigated the effects of short-term and long-term morphine treatment on LINE-1 

methylation status in SH-SY5Y cells using MBD sequencing. We also wanted to investigate 

whether the changes in LINE-1 methylation levels followed similar pattern as observed with 

global DNA methylation levels. Long-term (24 hr) treatment with morphine induced 

hypomethylation of CpG sites across entire LINE-1 regions, whereas short-term (4 hr) treatment 

induced CpG hypermethylation (Supplementary Table S3). The results correlate with temporal 

changes in the levels of SAM/SAH (Fig. 4), as well as with changes in global DNA methylation 

under the influence of morphine (Fig. 5). However, when we characterized site-specific 

methylation at four individual CpG sites in the promoter region of LINE-1Hs (human lineage 

specific) family after morphine treatment using bisulfite treatment followed by pyrosequencing, 

we found different results. As shown in Fig. 6A, the CpG site at position 3 is hypomethylated 

after morphine treatment for 4 hours and 24 hours of morphine exposure. However, at position 4, 
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methylation was increased after 24 hours of morphine treatment, but not after 4 hours morphine. 

Hence, different CpG sites in LINE1 exhibit temporally differential methylation in response to 

morphine treatment.   

To further characterize overall changes in the promoter region, we evaluated CpG methylation 

levels near the transcription start site of LINE-1 (TSS ± 500 base pairs) under the influence of 

morphine at 4 and 24 hrs using MBD sequencing. Fig. 6B illustrates a significant shift to 

hypermethylation in the promoter region under the influence of short-term treatment with 

morphine, but a return to control methylation levels after long-term morphine treatment.  

To determine whether morphine-induced changes in LINE-1 CpG methylation were associated 

with changes in its transcription, we designed primers specific for the LINE1-Hs (human-lineage 

specific) family and quantified the respective mRNA levels using qRT-PCR. Short-term 

treatment with morphine significantly decreased LINE-1 mRNA levels (Fig. 6B), which 

corresponds to increased CpG methylation levels in the promoter regions of LINE-1 following 

short-term morphine treatment (Fig. 6B). Long-term treatment with morphine induced a 

significant elevation of LINE-1 mRNA levels, consistent with the decreased LINE-1 promoter 

methylation (Fig. 6B). Taken together, these results indicate that morphine-induced changes in 

cysteine transport modulate the intracellular levels of cysteine, alter cellular redox and 

methylation status (Supplementary Table S1, Fig. 4), and subsequently induce changes in global 

changes in methylation, including global DNA methylation, reflected as time-dependent changes 

in the transcription of LINE-1 retrotransposons (Fig. 6). 
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Discussion: 

While the pharmacological actions of morphine are among the most extensively studied of any 

drug, significant gaps remain in our understanding of the molecular mechanisms involved in its 

provision of pain relief and euphoria, as well as its propensity for tolerance and addiction. 

Morphine-induced activation of multiple G protein signaling pathways via μ- and δ-opioid 

receptors has been well-documented (Wang et al., 2009), and effects via non-G protein signaling 

pathways such as toll-like receptor activation are also known (Hutchinson et al., 2012). The 

current studies reveal an ability of morphine to modulate uptake of cysteine in cultured human 

neuronal cells via MOR activation, initiating a pathway of metabolic effects resulting in altered 

redox and methylation status, including changes in global DNA methylation and gene 

transcription. Together these actions constitute a novel signaling mechanism affecting a large 

number of redox and methylation-sensitive cellular processes with particular significance for the 

development of addiction. 

Previous in vitro studies report downregulation of EAAT3 under morphine exposure followed by 

recovery upon morphine withdrawal (Mao et al., 2002; Yang et al., 2008). Morphine-induced 

condition place preference leads to decreased EAAT3 expression in hippocampus (Liu et al., 

2011). We observed both short and longer-term inhibitory effects of morphine on EAAT3-

mediated cysteine uptake in SH-SY5Y cells involving MOR-mediated activation of different G 

proteins.  Short-term (0.5 and 4 hr) inhibition involved activation of PTX-sensitive G proteins 

(e.g. Gi or Go), while longer-term inhibition involved CTX-sensitive G proteins (e.g. Gs). 

Temporal differences in G protein activation may indicate progressive cellular adaptive 

mechanisms during continuous morphine exposure. This temporal G protein selectivity might 
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result from differential phosphorylation of the MOR during acute vs chronic morphine exposure, 

permitting selectivity for downstream signaling pathways. Indeed, adaptive changes observed at 

the level of G protein involvement were further translated into differential activation of 

downstream protein kinases. Morphine-mediated short-term inhibition was sensitive to the PKA 

inhibitor H-89, while longer-term inhibition was blocked by pretreatment with the ERK pathway 

inhibitor PD-98059.  By inducing differential phosphorylation of EAAT3, protein kinases can 

affect cell-surface expression, or altering EAAT3 transcription, as has been described for PKC, 

PKA and PI3K (Guillet et al., 2005; Lim et al., 2008), which could be responsible for the 

observed inhibitory effects of morphine. Thus, distinctly different signaling pathways emanating 

from the μ-opioid receptor provide control over cysteine uptake during a 24 hr interval of 

exposure to morphine, which could be considered as functional selectivity at the levels of G 

proteins and downstream signaling molecules. This functional selectivity would be important for 

maintaining neuronal cell physiological balance, including redox-based epigenetic homeostasis 

under continuous morphine exposure 

To explore the functional significance of a morphine-induced decrease in cysteine uptake, we 

measured the levels of thiol-containing redox and methylation pathway metabolites, and found 

significant reductions in both GSH/GSSG and SAM/SAH ratios, indicative of increased 

oxidative stress and decreased methylation capacity. This reflects the dependence of GSH 

synthesis on cytoplasmic cysteine levels and the sensitivity of methionine synthase to cellular 

redox status (Muratore et al., 2013), and provide a novel signaling pathway with exceptionally 

broad influence. Thus, an oxidative shift in redox status will affect a vast number of cellular 

processes, for example by virtue of its impact on thiol-regulated proteins (Moran et al., 2001), as 
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well as ROS formation and inactivation (Powis et al., 1995, 1996), while decreased methylation 

capacity will affect hundreds of methylation reactions including DNA methylation (Chiang et al., 

1996; Schubert et al., 2003).  

Epigenetic changes, specifically alterations in DNA methylation, influence learning and memory 

(Levenson and Sweatt, 2005; Miller et al., 2008), and opioids such as morphine can induce 

epigenetic changes, producing long-lasting alterations in gene expression and behavior in mice 

(Maze and Nestler, 2011; Sun et al., 2012). By altering cysteine uptake and redox status, 

morphine can exert global influence over DNA methylation, secondary to the influence of 

SAM/SAH on methylation of cytosine in the context of individual CpG sites or clustered CpG 

islands. Prior studies show changes in global DNA methylation in response to changes in MS 

activity (Ulrey et al., 2005; Waly et al., 2004), including an increase in response to insulin-like 

growth factor 1 (IGF-1)(Waly et al., 2004), and a decrease in response to oligomers of beta 

amyloid (Hodgson et al., 2013), associated with reciprocal increases and decreases in 

GSH/GSSG and SAM/SAH. We observed a significant decrease in global DNA methylation 

after 24 hrs of morphine treatment, corresponding to the lowest value of SAM/SAH, but not after 

4 hrs. However, the LINE-1 promoter region was hypermethylated at 4 hours but returned to 

control levels at 24 hours. Hence, changes in global DNA methylation were not predictive of 

LINE-1 promoter region methylation and vice versa, although other regions, which might have 

been hypomethylated, but were not evaluated in the current study. Individual CpG regions in 

LINE-1 the promoter region showed lower and higher levels of methylation after 4 and 24 hrs of 

morphine treatment, suggesting that local factors (e.g. transcription factor occupancy, methylated 

CpG binding proteins) combine with broader influences (e.g. histone modifications/polycomb 
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group binding proteins) could produce a complex re-distribution of methylation marks in this 

region. The remarkable temporal pattern of changes in LINE-1 promoter region methylation in 

response to morphine may illustrate a general role for redox in epigenetic regulation, and future 

studies should provide a more detailed understanding of the underlying contributing factors.  

LINE-1 mRNA transcript levels also showed morphine-induced temporal changes. Interestingly, 

LINE-1 promoter hypermethylation at 4 hrs correlated with decreased LINE-1 mRNA levels, 

however, after 24 hours LINE-1 mRNA levels were increased while LINE-1 promoter 

methylation levels returned to control levels. One of the possible explanation for the latter is a 

methylation-independent increase in cytosolic pools of LINE1 mRNA as a consequence of 

oxidative stress and release from secretary granules, as reported previously (Singer et al., 2010). 

On the other hand, individual CpG sites in the promoter region of LINE-1 could permit/hinder 

transcription (Deaton and Bird, 2011). Time-dependent methylation changes at Pos3 and Pos4 

CpG sites in LINE-1 promoter region were observed, and CpG site Pos3 was hypomethylated at 

both 4 and 24 hrs under morphine exposure. However, the exact role of these changes at 

individual CpG sites is unclear. Decreased DNA methylation implies removal of methyl groups, 

and a redox-sensitive 5-hydroxymethylcytosine-directed dehydroxymethylase activity of 

DNMT3A and DNMT3B has been described, which is activated under more oxidized conditions 

(Chen et al., 2012) . Thus the morphine-induced shift in redox could also contribute to DNA 

hypomethylation by accelerating removal of hydroxymethyl groups. In general the actions of 

morphine could induce global revision of DNA methylation levels.    

Epigenetic-induced changes in LINE-1 retrotransposition events (Sun et al., 2012) have been 

linked to drug addiction (Luning Prak and Kazazian, 2000; Maze et al., 2011). In light of the 
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influence of redox on methylation of DNA (and histones), the ability of morphine to modulate 

GSH/GSSG and SAM/SAH provides an example of how epigenetic status can be altered by 

drugs of abuse. Alcohol induces similar effects by lowering GSH levels and impaired 

methylation, (Waly et al., 2011) while cocaine (Lee et al., 2001), amphetamine (Carvalho et al., 

2001) and heroin (Gutowicz et al., 2011) also alter GSH levels. While our results implicate 

MOR-mediated regulation of EAAT3 as the proximal event for morphine-induced changes in 

DNA methylation, other drugs of abuse may produce redox changes via uniquely different 

mechanisms. Notably, alcohol potently decreases EAAT3 activity via a protein kinase C-

dependent pathway (Kim et al., 2003), and inhibits MS activity (Waly et al., 2011). Similarly, 

nicotine inhibits EAAT3 activity via the PKC pathway (Yoon et al., 2014). For as much as 

physiological factors (e.g. IGF-1) also affect EAAT3 activity, drugs of abuse can be recognized 

as interfering with homeostatic mechanisms that also utilize redox mechanisms to regulate gene 

expression via epigenetic control.  

Recognition of the importance of redox and epigenetic mechanisms in addiction brings the 

prospect of novel targets. Use of N-acetylcysteine (NAC) in symptomatic treatment of alcohol 

(Ferreira Seiva et al., 2009), cocaine dependence (Mardikian et al., 2007), and withdrawal 

(Reichel et al., 2011) presents efforts in exploiting this pathway. EAAT3 itself may provide a 

potential site for pharmacologic intervention, along with factors/systems which regulate its 

activity. However, the use of cell cultures; SH-SY5Y cells is an important limitation of the 

current study and it needs to be acknowledged before any extrapolation of the current results.  

In summary, we provide the first description of the ability of morphine to alter global DNA 

methylation and transcription of the retrotransposon LINE-1, via a novel redox-dependent 
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signaling mechanism initiated by μ receptor activation (Fig. 7). The functional importance of this 

mechanism in the actions of endogenous opioids and the multiple pharmacological actions of 

morphine remain to be explored.   
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Figure Legends: 

Figure 1: Neuronal redox and methylation pathways. Neurons depend upon cysteine uptake 

to support GSH synthesis. Cysteine is provided by cleavage of GSH exported by astrocytes, and 

neurotrophic growth factors promote cysteine uptake via the EAAT3 transporter.(Hodgson et al., 

2013) Transsulfuration of homocysteine (HCY) to cysteine is restricted in human brain, 

increasing reliance upon EAAT3-mediated uptake. Methylation reactions, including DNA 

methylation, are regulated by methionine synthase, whose activity is dependent upon redox 

status and GSH levels. 

 

Figure 2: Inhibition of cysteine uptake by morphine via µ-opioid receptors in SH-SY5Y 

cells. (A)Radiolabeled cysteine uptake by SH-SY5Y human neuroblastoma cells is reduced by 

increasing concentrations of morphine (0.1 nM to 10 µM) with an IC50 of 2.4 nM.  Pretreatment 

with the non-selective opioid antagonist naltrexone (1 µM) prevents the morphine-induced 

decrease of cysteine transport (n = 6); Asterisks (*) indicate a significant difference (p<0.005) 

from control. (B) SH-SY5Y cells treated with 0.1 µM morphine showed a pattern of inhibition of 

cysteine uptake at different time points (0.5, 4 and 24 hrs). Pretreatment with CTAP (0.1 μM), a 

specific mu-opioid receptor blocker, abrogated the effects of morphine. Pre-treatment with 

naltrindole (NTI, 0.1 μM), a specific δ-opioid receptor blocker, did not inhibit the effects of 

morphine on cysteine uptake (n=6). Asterisks (*) indicates a significant difference (p<0.05) from 

no treatment control. Grey bar represents no treatment control (NTC). Non-specific binding was 

subtracted from total cysteine uptake.  

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on February 25, 2014 as DOI: 10.1124/mol.114.091728

 at A
SPE

T
 Journals on A

pril 19, 2024
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


  MOL # 91728 

 

 

42 

 

 

 

Figure 3: Differential involvement of G-proteins and downstream signaling kinases in 

morphine-induced inhibition of cysteine uptake by SH-SY5Y cells. (A) Short-term (0.5 and 4 

hours) morphine treatment (0.1 μM) inhibited cysteine uptake by SH-SY5Y human 

neuroblastoma cells, and this effect was blocked by pretreatment with pertussis toxin, a Gi/o 

inhibitor (PTX, 0.5 ug/mL, 24 hrs), but not by cholera toxin, a Gs inhibitor (CTX, 0.5 ug/mL, 24 

hrs) (n=6).  Long-term (24 hr) morphine treatment (0.1 μM) induced inhibition of cysteine 

uptake that was blocked by pretreatment with cholera toxin, but not pertussis toxin. (B) The 

short-term (4 hrs) inhibitory effect of morphine on cysteine uptake was blocked by pretreatment 

with the PKA inhibitor H-89 (0.1 μM) (n=6).  The long-term (24-hours) effect of morphine (0.1 

μM) on cysteine uptake was blocked by pretreatment with the MEKK inhibitor PD98059 (10 

μM) (n=6). Asterisks (*) show a significant difference (p<0.005) from no-treatment control 

(NTC, grey bar). 

 

Figure 4. Effect of morphine on cellular cysteine concentration and GSH/GSSG and 

SAM/SAH ratios in SH-SY5Y cells. Intracellular cysteine, GSH/GSSG and SAM/SAH ratios 

were decreased by morphine treatment at (A) 4 hours and (B) 24 hours. Pre-treatment with the 

PKA inhibitor H-89 (0.1 µM) blocked the effects of morphine (0.1 μM) at 4 hours and the 

MEKK inhibitor PD98059 (10 µM) blocked the effects of morphine at 24 hours (n=4). Asterisks 

(*) indicate a significant difference (p<0.05) from untreated control values. 
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Figure 5: Effect of morphine on global DNA methylation in SH-SY5Y cells. Cells were 

treated with morphine (0.1 μM) for 4 hours and 24 hours in presence or absence of H-89 (0.1 

μM) and PD98059 (10 μM) respectively (n=6). Global methylation was quantified using an anti-

5-methylcytosine antibody, measured by ELISA assay. No significant changes were observed 

after 4 hours of morphine treatment, but 24 hours of morphine treatment induced significant 

hypomethylation.  Asterisks (*) indicate a significant difference (p<0.05) from untreated 

controls. 

 

Figure 6: Morphine induces hypomethylation in LINE-1 repetitive elements and increases 

LINE-1 mRNA levels. (A) Morphine (0.1 μM) induced changes in site-specific methylation 

content for individual CpG sites on promoter regions of LINE-1 HS family, as determined by 

bisulfite conversion and pyrosequencing. Pos1-4 indicates individual CpG sites, normalized 

against control values. Asterisk (*) indicates significant difference (p<0.05) compared to control; 

Double asterisks (**) indicate p<0.01 compared to control. (B) Promoter methylation (TSS ± 

500 base pairs) of LINE-1. Morphine increased promoter methylation after 4 hours, which 

returned to normal levels after 24 hours of morphine treatment; N=5. (C) qRT-PCR analysis of 

LINE-1 mRNA levels. 4 hours of morphine treatment decreased LINE-1 mRNA levels, whereas 

24 hours of morphine treatment induced a large increase. Pretreatment with H-89 or PD98059 

blocked the changes in LINE-1 mRNA levels after 4 or 24 hours of morphine treatment, 

respectively.  Asterisks (*) indicate a significant difference (p<0.05) from untreated controls.  
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Figure 7: Proposed mechanism. In SH-SY5Y cells, morphine inhibition of EAAT3 via the μ- 

opioid receptor is mediated by MAPK and PKA signaling via Gαi/o and Gαs. Activation of the μ-

opioid receptor can also lead to GTRAP3-18 activation (Ikemoto et al., 2002; Lin et al., 2001), 

which reduces the level of EAAT3 surface expression. PKA pathways can activate 

transcriptional factors like CREB, but can also activate the PTEN/ubiquitin/Nedd4 pathway, 

which promotes degradation of EAAT3. Further, the PKA and ERK pathway can also mediate 

phosphorylation of EAAT3, which can affect surface expression and/or EAAT3 activity directly. 

Thus, morphine treatment reduces GSH/GSSG and SAM/SAH ratios, leading to epigenetic 

changes subsequently affecting transcription. 
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