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Abstract

Chronic opioid exposure leads to changes in gene expression (functional changes), resulting in
structural changes in neural circuits that are linked to eventually behavioral changes. Little is
known about the cellular and molecular mechanisms of how such changes occur. In this study, we
found that mu-opioid [D-Ala2, N-Me-Phe?, Gly®-ol]-enkephalin (DAMGO) and morphine
exposure led to dynamic changes in neural differentiation- and growth-associated genes, IxBa and
NTRK2 (TrkB), in differentiating and differentiated human neuroblastoma SH-SY5Y cells.
Chromatin immunoprecipitation-polymerase chain reaction (ChIP-PCR) analysis revealed that
binding of NF-xB/p65 to the IxBa promoter in living cells was temporally altered when the cells
were exposed to morphine. The changes in gene expression correlated with the changes in neurite
length of the RA-differentiating and RA-differentiated neuron-like cells. Our findings for the first
time showed that TrkB signaling and NF-xB/IxBa signaling temporally correlated with each
other in response to single-dose and repeated mu-opioid treatment in differentiating and
differentiated human neuron-like cells. The findings from this human cell study in vitro indicate
that both relatively high single-dose and chronic opioid exposure may induce the structural
changes in the developing human brain and the adult brain by altering the expression of neuronal
differentiation- and neurite outgrowth-related genes IxBa and TrkB in vivo.
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Introduction

A generally accepted hypothesis for the development of opioid addiction is that chronic
opioid exposure leads to altered gene expression that results in neuroadaptations that are
eventually linked to addictive behavioral changes [1]. Thus, a better understanding of the
molecular mechanisms of chronic opioid-induced gene expression will provide us insights
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into how opioid tolerance and addiction develop and may eventually provide new molecular
targets for the prevention and treatment of opioid tolerance and dependence. We previously
elucidated the detailed molecular mechanisms of the nerve growth factor (NGF)-mediated
delta opioid receptor (OPRD1 or DOR) gene expression during NGF-induced differentiation
[2, 3, 4, 5], showing that sustained activation of phosphoinositol-3-kinase (P13K)/Akt/
nuclear factor kB (NF-xB) signaling is required for NGF-modulated OPRD1 gene
expression [5]. We hypothesized that neurotrophic factor-mediated PI3K/Akt/NF-xB
signaling might be important for neuronal differentiation and the development of opioid
tolerance and dependence [5, 6]. This hypothesis was further supported by recent behavioral
studies by others that have shown that both Akt and NF-xB signaling are important for
opioid action in animal models [7, 8]. However, little is known about the molecular
mechanisms of the involvement of both neurotrophic factor signaling and NF-xB signaling
in opioid function in humans.

NF-xB is a master transcription factor, which plays a critical role in immune responses,
neural plasticity, and long-term memory. NF-xB signaling is required in synaptic signaling
and various behavior alterations [9]. NF-xB signaling regulates many opioid action-related
genes, including three opioid receptor genes ([6], references therein), brain-derived
neurotrophic factor (BDNF) [10], inhibitor of NF-xB (IxBa) [11]. Chronic morphine
treatment and naloxone-precipitated withdrawal increase the mRNA level of NF-xB-
dependent gene IxBa in the frontal cortex [12]. Inhibition of NF-xB activity led to the
reduction of naloxone-precipitated withdrawal signs in vitro [13] and in vivo [8]. Chronic
morphine induced neuronal structure changes in nucleus accumbens (ventral striatum) [14],
which are associated with motivational withdrawal. Moreover, neurotrophic tyrosine kinase
receptor 2 (NTRK2 or TrkB) signaling and NF-xB signaling are known to be involved in
synaptic plasticity [9, 15]. Thus, we hypothesized that chronic morphine might act through
regulation of NF-xB signaling-dependent and neuronal growth- and differentiation-
associated genes such IxBa and TrkB to induce changes in the morphology of human
neurons, which may be eventually involved in morphine-induce behavioral changes.

In this study, we examined the effects of mu-opioid DAMGO and morphine on the
expression of neuronal activity-regulated TrkB gene and NF-xB-dependent gene IxBa.. We
also evaluated the correlation between changes in gene expression and structural changes in
differentiating and differentiated human neuroblastoma cells that express both functional
delta and mu opioid receptors (OPRML) that are often co-expressed in various neurons in
the human nervous system.

Materials and Methods

Cell culture and reagents

SH-SY5Y cells were purchased from American Type Tissue Culture (ATCC), cultured and
maintained in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with nutrient
mixture F12 (Ham) (1:1) (Invitrogen, Grand Island, NY) and 10% fetal bovine serum (FBS)
(Atlanta Biologicals, USA) (Medium A). Morphine sulfate, [D-Ala2, N-Me-Phe?, Gly®>-ol]-
enkephalin acetate salt (DAMGO), naloxone, and retinoic acid (RA) were purchased from
Sigma-Aldrich (St. Louis, MO).

Opioid treatment

Cells were harvested using 0.05% trypsin-EDTA (Invitrogen) and plated at a concentration
of 1 or 2 x108 cells/4ml in 60mm dishes. Cells were treated with or without 10 LM RA for
varied times (1 or 4, or 5 days). For 4- and 5-day RA treatment, cells were re-fed with fresh
10 uM RA and the medium at day 2 or day 3 during the treatment, respectively. After RA
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treatment, medium A (see above) was changed to DMEM+1%ITS-X (Invitrogen) (medium
B) and cells were treated with 10 M DAMGO and morphine at varied times.

Quantitative reverse transcription polymerase chain reaction (QRT-PCR)

Total RNA was isolated according to the Tri Reagent® protocol from Molecular Research
Center (Cincinnati, OH) as previously described [5]. cDNA was synthesized using High
Capacity cDNA Reverse Transcription Kit (Invitrogen). Sybr® Green Supermix (Bio-Rad,
Hercules, CA) was used for real time PCR analysis on 1Q5® Multicolor Real-time PCR
Detection System (Bio-Rad). PCR primers used were as follows: human IxBa sense, 5’-
cgcccaageacccggataca-3”; antisense, 5”-agggcagctcgtectctgtga-3”; human TrkB sense, 5'-
ccaagaatgagtatgggaagg-3’, antisense, 5’ -gcatagaccgagagatgttcc-3” (TrkB primers were
designed by Aaron Perey in the lab). All PCR primers were synthesized by Integrated DNA
Technology, Inc. (Coralville, lowa). Real time PCR conditions: preheated at 95 °C for 3
min; at 94 °C for 20 sec and at 60 °C for 1 min for 50 cycles. PCR reactions were carried out
in triplicate or more replicates to determine the gene mRNA levels. Melting curve was used
to verify PCR products. The fold changes in mRNA levels relative to f-actin were
determined by the equation: fold change = 2-AAC; where ACt = Cr(gene of interest) ~
Cr(p-actin) and AACT = ACrtreated)~ACT(untreated) fOr each experiment.

Chromatin immunoprecipitation (ChIP)-PCR assays

ChIP assays were performed according to the published protocol [2]. Briefly, 2x10% SH-
SY5Y cells were treated on a 60-mm dish with or without DAMGO or Morphine for varied
times. Chromatin in live cells was cross-linked with 1% formaldehyde. DNA was sheared by
sonication after the cells were washed and lysed in lysis buffer. Cross-linked DNA/protein
complexes were isolated using the ChlP assay kit according to the manufacturer’s protocol
(Millipore, Boston, MA, USA). Chromatin was immunoprecipitated using anti-NF-xB/p65
antibody (Millipore). The primers for the IxBa promoter 5’-upstream region of the
transcription initial site are: sense, 5'-GACGACCCCAATTCAAATCG-3’; antisense, 5'-
TCAGGCTCGGGGAATTTCC-3" (Millipore). gPCR was carried out to detect and quantify
DNA as described above. The fold change in DNA binding to the IxBa gene relative to
input DNA was determined as described previously [2].

Determination of neurite length

Images of drug-treated cells were obtained using the VistaVision™ Phase Contrast
Microscope USB camera (VWR, Radnor, PA). Neurite length was measured using Neuron J
plugin with the NIH Image J program [16]. The drug treatment of the images was unknown
to the investigator who carried out the measurement at the time. All neurites within the
image frame were counted. No threshold was set for neurite length. Any neurites that were
not entirely within the frame were excluded. Once all neurites had been traced, the measure
tracings tool was used to measure tracings.

Statistical analysis

Results

Student’s t test was used to determine whether or not the sample is significantly different
from the control. Statistically significant differences between samples and controls were
indicated by single * (< 0.05), double **(p < 0.01), and triple asterisks ***(p < 0.001).

Single-dose morphine down-regulated the expression of both IkBa and TrkB genes

Previously, we showed that NGF-sustained activation of PI3K/Akt and NF-xB signaling
pathways play a key role in the epigenetic upregulation of the OPRD1 gene expression [3].
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Both PI3K/Akt and NF-xB signaling pathways are required for RA-induced differentiation
of SH-SY5Y cells and are constitutively activated in the RA-differentiated cells [17, 18]. In
addition, PI3K/Akt and NF-xB signaling pathways are “constitutively” activated in diverse
neurons [19, 20]. Thus, the differentiating and differentiated human SH-SY5Y cells may
mimics the developing and mature neurons in humans, respectively. We examined whether
single-dose morphine would affect the expression of the IxBa gene in differentiated SH-
SY5Y cells. Morphine treatment for 24h led to a decrease of 16% in the IxBa mRNA level
(Fig 1B). Since BDNF signaling to NF-xB could be also through TrkB [21] that is important
for maintaining neuronal morphology and adult neurogenesis [22], we further examined the
effects of morphine on TrkB gene expression (Fig. 1B). Morphine exposure resulted in a
reduction of 17% in the TrKB mRNA level. DAMGO treatment for 24h also decreased both
IxBa and TrkB mRNA levels in the RA-differentiated cells (data not shown). Since both
BDNF/TrkB/PI3K/Akt and NF-xB signaling are important for neurotrophin-induced
neuronal differentiation and development [23, 24], we further examine the effect of
morphine on expression of 1xBa and TrkB in differentiating SH-SY5Y cells. We found that
morphine treatment resulted in a decrease of 11% and 20%, respectively, in both 1xBa and
TrkB mRNA levels (Fig. 1A) during RA-induced differentiation of 24 h.

NF-kB/p65 bound to the IkBa promoter in morphine-treated human neuroblastoma cells

To evaluate whether the morphine-mediated IxBa gene expression is indeed NF-xB/p65-
dependent, we examine the association of NF-xB/p65 protein with the NF-xB binding c/s-
element region of the IxBa promoter using the ChlP analysis method according to the
previous reported protocol [4]. The extent of the binding of p65 to the promoter of IxBa at
24h (Fig. 2) was time-dependent and consistent with that of morphine-mediated IxBa gene
expression at the same time point (Fig. 1). This result strongly suggests that morphine-
mediated IxBa gene expression under the current conditions is likely NF-xB/p65-
dependent.

Mu opioid-mediated structural changes in differentiating and differentiated human
neuroblastoma cells

To examine the effects of the mu-opioid agonist DAMGO and morphine on morphological
changes in differentiated neuroblastoma cells, we carried out the measurement of neurite
length in DAMGO- and morphine-treated and untreated cells. DAMGO treatment for 24h
led to a significant decrease in neurite length of differentiated SH-SY5Y cells (Fig. 3A).
Morphine treatment also resulted in an appreciable decrease in neurite length in
differentiating and differentiated SH-SY5Y cells (Fig. 3B, C). The extent of decrease in
neurite length correlated with that of the decrease in the relative IxBa and TrkB mRNA
levels that were down-regulated by DAMGO (data not shown) and morphine (Fig. 1),
respectively.

Repeated DAMGO and morphine exposure induced biphasic modulation of the TrkB and
IkBa mRNA levels

To further evaluate if differentiated SH-SY5Y cells might mimic the responses of the adult
dopamine neurons to chronic morphine exposure, we examined the effect of repeated
morphine exposure on the expression of these two critical genes IxBa and TrkB. The cells
were exposed to 10 uM DAMGO or morphine daily and the medium was also changed
daily. Under such experimental conditions, we found that both morphine (Fig. 4A) and
DAMGO (Fig. 4B) treatments resulted in the biphasic expression of IxBa and TrkB genes.
First, morphine treatment induced a decrease in the 1xBa and TrkB mRNA levels at 30 min
(acute stage) (Fig. 4A). After 48h, repeated morphine exposure resulted in an appreciable
increase of 6% in the IxBa mRNA level and increased the TrkB mRNA level by 11-18%
higher than that of the untreated cells (Fig. 4A). Similar biphasic TrkB mRNA responses
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were also observed in DAMGO treated cells at 1h and 120h (Fig. 4B). Such biphasic
response is very similar to the pattern of changes in the cAMP level in the classic mouse
neuroblastoma x rat glioma NG-108-15 hybrid cell model [25] and in the rat brain [26] after
chronic morphine exposure. Thus, both IxBa and TrkB transcripts should be considered as
transcriptional biomarkers of morphine actions in human neurons.

Naloxone blocked DAMGO-induced TrkB mRNA overshoot

To evaluate whether the effects of morphine and DAMGO were through opioid receptor
signaling, we examine the effect of naloxone on DAMGO-induced TrkB mRNA overshoot.
After cells were RA-differentiated for 5 days and then daily re-fed with medium B for 5
days, acute 10 uM DAMGO treatment for 1h led to a decrease of 9% in the TrkB mRNA
level (Fig 4B). On the other hand, repeated DAMGO treatment daily for 5 days led to an
increase of 21% in the TrkB mRNA level (Fig. 4B) after 5 day-RA treatment. An overall
rebound of 30% in TrkB mRNA from the acute DAMGO stage to the 5-day DAMGO stage
was observed. Naloxone treatment for 1h reversed the DAMGO-sensitized expression of
TrkB gene to the level reached by acute DAMGO exposure. Naloxone treatment for 120 h
also brought the IxBa mRNA level to that reached by acute DAMGO-treatment (Fig. 4B).
Furthermore, a similar naloxone-induced TrkB mRNA level reverse was also observed in
morphine-treated cells (data not shown). Taken together, these results show that mu-opioid
mediated expression of the TrkB gene may be involved in opioid-induced sensitization in
humans.

Discussion

A comprehensive understanding of the molecular mechanisms of opioid actions in humans
will eventually provide novel molecular targets for pain management and for the prevention
and treatment of opioid tolerance and addiction. With limited availability and lack of
rigorous controls, the postmortem human tissues have limitations for detailed mechanistic
studies. A good human cell model that can mimic tissue-specific neurons that are involved
in drug actions would be a valuable tool to unravel the molecular basis of action of opioids
in humans. Taken together with our studies of the rat PC12 cell model [5] and others’
observations on the key role of NF-xB [13] and neurotrophins in opioid actions in rodent
models [27, 28], we previously hypothesized that neurotrophin-mediated PI3K/Akt and NF-
xB signaling might work together to regulate opioid actions in vivo [5]. Our rat PC12 cell
model studies show that NGF/TrkA/PI3K/Akt/NF-xB signaling can crosstalk with OPRD1
signaling to modulate the morphology of differentiating neurons (Sen et al. and Chen,
manuscript in preparation). In this study, we examined the expression of TrkB and IxBa
genes in differentiating and differentiated human SH-SH5Y cells. Single dose DAMGO or
morphine suppressed the expression of both TrkB and IxBa genes (Fig. 1). The reduction in
the IxBa mRNA level correlates well with the extent of binding of p65 to the IxBa
promoter (Fig. 2). Our data have shown that reduction in the TrkB mRNA and IxBa mRNA
levels correlates well with the reduction in neurite length (Fig. 3). Furthermore, repeated
DAMGO or morphine exposure up-regulated the TrkB gene (Fig. 4). Such uprgulation is
also naloxone-dependent (Fig. 4), indicating the action is opioid receptor-mediated, which is
also consistent with morphine-mediated reduction in OPRM1 mRNA in the same cell model
[29]. Although the SH-SH5Y cell line has been used as a human cell model for studying
cellular opioid actions for many years [30], to our knowledge, we are the first to clearly
show that both acute and repeated mu-opioid DAMGO and morphine exposure can
temporarily modulate the expression of both TrkB and IxBa genes in both differentiating
and differentiated SYH-SY5Y cells. These results together suggest that a crosstalk between
TrkB signaling and NF-xB/p65/1xBa. signaling may be involved in morphine actions in
humans.

Biochem Biophys Res Commun. Author manuscript; available in PMC 2014 March 22.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Wen et al.

Page 6

It has been well documented that single-high dose morphine induced long lasting behavioral
and neurochemical sensitization in rats [31]. Our results from both acute and chronic
morphine studies together with the results from others indicate that modulation of both
BNDF/TrkB signaling and NF-xB/IxBa signaling may play a critical role in the
sensitization of morphine actions in humans. This implication has been further supported by
our morphological result that single dose DAMGO and morphine decreased neurite
outgrowth within 24h (Fig. 3). Moreover, during the final stage of preparing this
manuscript3, an independent study [32] has shown that chronic morphine down-regulates
the BDNF mRNA level in VTA in a conditioned place preference mouse model, suggesting
that BDNF or TrkB may be a negative regulator for morphine reward. The result of TrkB
gene expression from our single-dose (10 M) DAMGO or morphine experiment in the
human cell model appears to be consistent with that from the mouse model study [32]. On
the other hand, our repeated morphine-induced upregulation of Trkb mRNA (Fig. 4) is
consistent with the observation from the study of chronic morphine-treated naive rat locus
coeruleus (LC) [28]. We have yet to find a report on study of either TrkB or IxBa on opioid
actions in humans. Interestingly, a recent report shows that there is a positive correction
between the serum levels of BDNF, the endogenous TrkB ligand, and craving for drug in
opiate-dependent patients [33]. Moreover, a postmortem human brain tissue study shows
that NF-xB signaling is involved in human alcoholism [34]. The endogenous opioid system
is likely associated with the development of alcoholism [35]. Although there are reports on
opioid-mediated NF-xB signaling in undifferentiated SH-SY5Y cells [36, 37], our study is
the first to show the effects of both acute and repeated mu-opioid DAMGO and morphine on
expression of both TrkB and IxBa genes in differentiating and differentiated SH-SY5Y
cells. Taken together, it is very tempting to hypothesize that a crosstalk between TrkB
signaling and NF-xB/IxBa signaling may be the key to regulate varied opioid actions
including opioid-induced sensitization in the human nervous system.

In conclusion, we have identified two potential biomarkers TrkB and IxBa in response to
both single-dose and repeated morphine exposure in differentiating and differentiated human
neuroblastoma neuron-like cells. These two molecules may crosstalk each other to be
involved in opioid actions in humans. The detailed molecular mechanisms of how these two
molecules-mediated signaling pathways crosstalk each other to mediate opioid functions in
human cells are under investigation.
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Figure 1. Single-dose mor phine down regulated the expression of both IxBa and TrkB genesin
differentiating and differentiated human neuroblastoma cells

RA, retinoic acid; Med, culture medium; MS, morphine sulfate. A. RA in medium A with or
without MS for 24 h. B. RA for 5 days and then with or without MS for 24 h in medium B.
Relative mMRNA levels were determined using gPCR. Data are presented as mean £ S.E.M.
(n=3-5; *, p<0.05; **, p<0.01) from 3-5 independent experiments.

Biochem Biophys Res Commun. Author manuscript; available in PMC 2014 March 22.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Wen et al.

Page 11

= 80

o i ==

E 70} 119G

g i \Y Untreated

s 60 = Acute MS
- Chronic MS

S 50| u

o

S 40|

g |

g |

kS i

N 20 [~

© i

E 10|

o i

< O B —_—t

Treatment

Figure 2. NF-xB/p65 bound to the | xBa promoter in morphine-treated human neur oblastoma
cells

IgG, mouse immunoglobin G; acute MS, MS for 30 min; chronic MS, MS for 24h. Y-axis
presents the relative fold chromatin enrichment by anti-NF-xB/p65 in comparison with 19G
enrichment. Data are presented in mean £ S.D. from three determinations of representative
of two experiments.
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=2 Figure 3. Mu opioids mediated neurite length in differentiating and differentiated human
neur oblastoma cells
A and B: Cells were differentiated by RA-induction for 5 days in medium A and then treated
with 10 oM DAMGO (Fig. 3A) or 10 .M morphine (Fig. 3B) or 10 M universal opioid
antagonist naloxone in medium B for 24h. C. Treated with both 10 M RA and 10 pM
morphine at the same time for 24 h in medium A (Fig. 3C). The average of neurite length
was determined by dividing the total neurite length of all measurements by the total number

Z of measured neurites. Data are presented as mean + S.E.M. (n=279-416 for A, ***,

I p<0.001; 107-156 for B; and 182-190 for C).
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Figure 4. Repeated DAM GO and mor phine exposur e induced biphasic modulation of the TrkB
and IxBa mRNA levels

A. Cells were RA-differentiated for 4 days and then daily treated with morphine to give a
total morphine exposure time of 0.5, 24, 48, 72, and 96h respectively. B. Cells were RA-
differentiated for 5 days and then daily treated with 10 oM DAMGO or 10 M naloxone to
give a total DAMGO or naloxone exposure time of 1.0 and 120h, respectively. In Fig 4A,
data are presented as mean £+ S.E.M. obtained from 5-7 independent experiments; in Fig 4B,
data are represented as mean * S.D. of 3-6 replicates of two separate samples (*, p< 0.05;
** p<0.01; *** p<0.001).
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