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Abstract
Microenvironment adaptation was proposed to be interoceptive cues for conditioned morphine dependence and tolerance.
In the present study, we revealed in prefrontal cortex, that there was apparent mitochondrial and vascular oxidant production following long-term morphine treatment and subsequent naloxone precipitation. Comparably, naloxone precipitation
equipped a higher capacity in modulation of VEGF-VEGFR2 signaling and close connection of VEGFR2 and AC5. Moreover,
it was observed that alternative GR promoter usage was related with vascular and mitochondrial sensitivity and individual
CREB activation, in which GR-1C and reflected GRalpha were involved in chronic morphine treatment, while GR-1B and reflected GRp were biased initiated by naloxone precipitation. Of most interest, by using mice subjected to predator stimulator
stress (PSS), it was demonstrated that oxidant production and expressions of GRp and GRalpha could be cross-sensitized
by morphine. Intriguingly, mice with PSS exhibited deteriorated behaviors in morphine withdrawal and place conditioning,
but not antinociceptive tolerance, the responses were more related with GRp than GRalpha. Therefore, our results unveiled
a pivotal role of mitochondrial and vascular environment in the maintaining and potentiation of neuro-adaptive morphine
activities, increasing vulnerability of GRp to vascular remodeling was thought to be critical for morphine withdrawal.

Introduction
Morphine (Mor) has been used for centuries to alleviate
pain, however, its use is limited by a number of adverse consequences, such as constipation, respiratory suppression,
and the potential development of dependence and addiction
after extended periods of administration [1-2]. It has been
greatly strengthened that physiological actions of morphine
are principally mediated through μ-opioid receptor (MOR)
[3-5], for example, the initially decreases in cAMP levels by
MOR activation could be restored during continued expo-

sure to morphine (tolerance), and even are increased further
(superactivation) upon opiate receptor blockade or opiate
withdrawal [6-7], therefore, cAMP pathway was thought to
be critical adaptive changes in models of addiction [8-12].
Human genetic study has revealed an association between
microenvironment and risk of opioid tolerance and dependence [13-14]. Interoceptive cues provided by the up-regulation of proinflammatory cytokines might be sufficient stimuli to a conditioned morphine withdrawal severity [15-17].
Previously, it was characterized that mitochondrial and vas-
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cular oxidant production were superior potency for proinﬂammatory responses (lipopolysaccharide, TNF-α, IL-1, and IL-6)
[18-22], especially, vascular endothelial growth factor receptor (VEGFR) could be distinctively modulated by mitochondrial biogenesis and vascular XO activity, the signaling cascades
were thought to implicate in ER related subcellular communication and required for morphine mediated AC5 superactivation [23-24]. We thus proposed a teleological argument that
mitochondrial and vascular sensitivity might be adapted and
contribute to activation of cAMP signaling during long-term
morphine exposure.

As characterized, stressful experience initiates a neuroendocrine response, the glucocorticoid receptor (GR) activation is a
metaplastic signal that allows somatodendritic opioid release,
and a persistent retrograde suppression of synaptic transmission through presynaptic MOR [25-27], in return, chronic
opioid use leads to structural reorganization of GR-dependent
genes, and GR mRNA is more sensitive to episodes of morphine
withdrawal [28-29]. Lately, several SNPs in the GR-gene have
been tested for functionality, differential promoter usage including promoter1B, 1C, 1D, 1F and 1H were demonstrated to
implicate in distinctive cellular events [30-32]. Therefore, in
the present study, mice with chronic stress was established,
by which determined to define functional phenotype of GR in
mitochondrial and vascular adaption during morphine dependence and tolerance.

Materials and Methods
Morphine treatments

Mice were s.c. injected with escalating doses of morphine
twice daily for 5 days. On day 6, mice were injected with 1 mg/
kg naloxone 2h after 100 mg/kg morphine treatment. Mice
were placed in transparent cylinder (50x30cm) for 30 min, the
somatic signs of jumps, wet dog shakes, paw tremor, rear and
grooming were monitored and quantified. Morris Water Maze
was performed [33]. In the acquisition section, mice were
placed in the water maze (122 cm diameter) with the platform
(10 cm diameter) submerged in the SW quadrant. In the extinction section, mice were placed in the NE quadrant of the
water maze without the platform for 60s. The amount of time
mice spent in each quadrant searching for the platform was
recorded. Additionally, hot-plate test was performed, the cutoff
time was set at 10s, antinociceptive response is expressed as
mean + S.E.M. of percentage of the maximum possible effect
(%MPE).

For treatments, mice were positioned in a Kopf stereotaxic apparatus with burr holes drilled into the skull, a 5μl Hamilton
syringe fitted with a 33-gauge needle was lowered into prefrontal cortex for drug delivery. Adenovirus particles (5×109
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plaque-forming units (PFU) dissolved in sterilized PBS was
injected over 10s via the needle at a volume of 2μl. All experimental procedures were approved by Ethics Committee of Fudan University, efforts were made to minimize the numbers of
animal used and their suffering.
ELISA

Prefrontal cortex was dissected and homogenized in ice-cold
lysis buffer containing 137mM NaCl, 10mM Tris-HCl, pH8.0,
1mM EDTA, pH 8.0, 1% NP-40, 10% glycerol, 1mM phenylmethylsulphonyl fluoride, 10mg/ml aprotinin, 1mg/ml leupeptin, and 0.5mM sodium vanadate. The tissue homogenate
solutions were centrifuged at 14,000 × g for 5 min at 4°C. The
supernatants were collected and used for quantification of total protein. Level of VEGF was assessed using a commercially
available assay kit from Promega. Color change was measured
in an ELISA plate reader at 450 nm.
Recombinant adenovirus construction

Recombinant adenovirus expressing mouse GRs were constructed and inserted into the adenoviral shuttle vector pDE1sp1A (Microbix Biosystems, Inc. Canada). For knocking down
endogenous XO, PGC-1α, small interfering RNA duplexes were
designed on the basis of the respective sequences. Constructs
were cloned into adenoviral shuttle vector pDE1sp1A (Microbix Biosystems, Inc. Canada). After homologous recombination
with the backbone vector PJM17, plaques resulting from viral
cytopathic effects were selected and expanded in 293 cells.
Cell culture

N2A cells stably expressing HA-MOR or VEGFR2/VEGFRY1175F were cultured with advanced DMEM (Invitrogen)
supplemented with 5% fetal bovine serum (HyClone), and 0.2
mg/ml G418 (Geneticin, Invitrogen) in a 5% CO2 atmosphere
at 37°C.

For primary neuron culture, dissociated neurons were prepared from mice prefrontal cortex (embryonic day 15) and
plated onto 35-mm Petri dishes at a density of 1×106 cells.
10 days later, neurons were undergone drug treatment. For
co-culture model, microvascular fragments (MVFs) were isolated, briefly, prefrontal cortex collected from euthanized mice
were minced and digested in a collagenase solution [2mg/ml
in PBS containing 0.1% bovine serum albumin (BSA)] for 8–10
min. MVFs were pelleted by centrifugation, washed and resuspended in PBS containing 0.1% BSA. Isolated MVF were suspended in pH-neutralized rat tail type I collagen (3mg/ml final
concentration using DMEM) at approximately 15,000 MVF/ml
for plating (0.25 ml/well) in 48-well culture plates.

Cite this article: Zhao H. Mitochondria and Vascular Sensitivity during Long-term Morphine Exposure. J J Cell Mol Bio. 2015, 1(1): 003.

Jacobs Publishers
Oxidant production
Prefrontal cortex was homogenized in 0.1 M phosphate buffer (pH 7.4) with a motor-driven Polytron glass homogenizer
at 4°C. The resulting homogenate was filtered through four
layers of medical gauze to remove connective tissue debris.
Oxidant generation was determined within 30min of tissue
harvest in fresh tissue homogenates using dichlorofluorescein
(DCF) as a probe. The basal buffer consisted of 0.1M potassium
phosphate at pH7.4. The induced buffer additionally included
1.7mM ADP, 0.1mM NADPH, and 0.1mM FeCl3. Both buffers
included 5μM 2′,7′-dichlorofluoresceindiacetate (DCFH-DA),
which was made fresh in 1.25 mM methanol and kept in a
dark room at 0°C. For basal condition, following reagents were
added: 2938μl 0.1M phosphate buffer, 50μl filtered tissue homogenate, and 12μl 1.25 mM DCFH-DA. Induced condition was
replaced 90μl of buffer with 50μl FeCl3, 20μl ADP, and 20μl
NADPH. Total reaction volume was 3.0ml. A blank consisting
of the appropriate buffer and 5.0μM DCFH-DA without sample was used to correct for the auto-oxidation rate of DCFHDA. The mixture was incubated in the dark for 15 min at 37°C.
DCF formation was determined with a Hitachi F-2000 fluorescence spectrophotometer (Hitachi Instruments, Co., San Jose,
CA) with a thermostated cell compartment at excitation wavelength 488nm and emission wavelength 525nm. The units
were expressed as pmol DCF/mg protein.
XO/XDH activity assay

Measurement of XO and XDH activity in prefrontal cortex
was based on the pterin-based assay. In brief, approximately
40mg of tissues was homogenized in 1ml assay buffer (50mM
K-phosphate, 1mM ethylene-diaminetetraacetic acid, 0.5% dimethyl sulfoxide, and proteaseinhibitor cocktail, pH7.4). The
supernatant (150μl) was co-incubated with 50μl pterin solution (ﬁnal concentration of 50μM) or pterin with methylene
blue solution (ﬁnal concentration of 50μM) to assay XO or both
XO and XDH activities. Before and after 120min incubation at
37°C, ﬂuorometric assay was performed to calculate the production of isoxanthopterin. Protein concentration was measured by Pierce BCA Protein Assay Kit (Thermo Scientiﬁc Inc.,
Billerica, MA, USA).
In vitro Src kinase assay

Proteins were separated and immunoprecipitated by antic-Src antibody (1:200; Abcam). The resulting pellets were
washed with acetone and incubated at 30°C with 5μg of SRC
substrate peptide (KVEKIGEGTYGVVYK, corresponding to amino acids 6-20 of p34cdc2; Upstate Biotechnology, Lake Placid,
New York) in kinase buffer containing 5μCi of [γ-32P]-adenosine triphosphate ([γ-32P]-ATP; PerkinElmer Life Sciences, Waltham, Massachusetts), 50mM Tris-HCl (pH7.5), 10mM
MgCl2, 10mM MnCl2, 25μM ATPase, 1mM dithiothreitol, and
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100μM Na3VO4. After 30min, the reaction was terminated
by the addition of 10μl of 40% (w/v) TCA, and samples were
spotted on P81 cellulose phosphate paper (Upstate Biotech).
The paper was washed three times with 1% (w/v) phosphoric
acid and once with acetone. Radioactivity retained on the P81
paper was quantified by liquid scintillation counting. Blank
counts (without tissue lysate) were subtracted from each result, and radioactivity (cpm) was converted to picomoles per
minute (pmol/min).
Immunoﬂuorescent labeling and fluorescent in situ hybridization (FISH)

Mice were anesthetized with sodium pentobarbital
(35mg/100g, i.p.) and transcardially exsanguinated with 0.1M
PBS followed by perfusion of the fixation (4% paraformaldehyde in 0.1M PBS, pH7.4), each provided in a 7ml/min flow
rate. Serial sets of 20μm coronal brain sections were collected
on a freezing microstome (Leica, SM2000R). Frozen sections
were subsequently incubated with anti-VEGFR2 (1:500, Abcam; Cambridge, CB) and Alexa Fluor488 conjugated antibody,
anti-MOR (1:500, Abcam; Cambridge, CB) and Alexa Fluor594
conjugated antibodies. Data derived from each group were analyzed by Leika Q500IW image analysis system.

Riboprobes were prepared from an open reading frame of GR
subcloned into a pBluescriptIISK vector. Digoxigenin (DIG)-labeled probes were synthesized by T7 RNA polymerase with
the DIG-RNA labeling mix (Roche Diagnostics) using linearized
plasmid as template. In situ hybridization was performed with
sense and antisense riboprobes overnight at 55°C. After hybridization, probes were detected using Alexa Fluor488-conjugated anti-DIG antibody. Data derived from each group were
analyzed by Leika Q500IW image analysis system. Hybridization density is reported as the average density of all individual
animals ± SEM in each experimental group (n = 5). The mean
density of all the microphotographs was analyzed with the aid
of ImageJ analysis software.
Real-time PCR

Total RNA was isolated from tissue or cells, mRNA was extracted by UNIzol reagent and treated with RNase-free DNase
I (Takara, Japan). Reverse transcription using random hexamers was performed with Omniscript reverse transcriptase
(QIAGEN, Los Angeles, CA). Real-time PCR analysis was performed with the cDNA product from 50 ng RNA per well on
an ABI Prism 7700 (Applied Biosystems, Foster City, CA). Each
sample was analyzed in duplicate along with a corresponding
sample with no reverse transcriptase was added (no reverse
transcriptase control). PCR conditions for each primer pair
were optimized in pilot experiments to amplify the desired
product in the linear range of amplification, the general reaction conditions were as follows: 50°C for 2 min and 95°C for
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10 min, followed by 40 cycles of 95°C for 15 sec and 60°C for 1
min. Gene expression was normalized to the expression of 18s
rRNA and quantified with 2−ΔΔCt method, which computed
the percentage change relative to control.
Immunoprecipitation and Western Blotting

Prefrontal cortex was homogenized and centrifuged, the supernatants were incubated with anti–AC5 (1:200; Santa Crutz
Biotechnology; Santa Cruz, CA), anti-RSK2 antibodies (1:200;
BD Transduction Laboratories, Lexington, KY) at 4°C overnight
with slow rotation. 60μl of protein G–agarose beads (Invitrogen, Carlsbad, CA) were added and further incubated for 3h.
Afterwards, the beads were washed and protein sample were
eluted from with 1x SDS sample buffer.
For western Blot analysis, proteins were resolved in SDS-polyacrylamide gel, and transferred to polyvinylidene difluoride
membrane (GE Healthcare, Piscataway, NY). The membrane
was probed in the presence of anti-VEGFR2, VEGFR-Y1175
(1:1000, Abcam), anti-PGC-1⍺, anti-pCREB, anti-CREB
(1:1000, Santa Crutz Biotechnology), respectively, then was
incubated with secondary antibody conjugated with alkaline
phosphatase, protein bands were detected by ECF substrate
and scanned in the Storm 860 Imaging System, the band intensities were quantified and analyzed with the ImageQuant
software (GE Healthcare).
Subcellular fractionation and HDAC Activity

For nuclear extracts, cells were washed twice in ice-cold PBS,
resuspended in buffer A (10mM HEPES, 10mM NaCl, 3mM
MgCl2, 1mM EGTA, 0.1% Triton X-100, pH7.5) supplemented
with 50mM NaF, 1mM Na3VO4, 1mM DTT, 1mM PMSF, and
1μg/ml protease inhibitor cocktail and incubated on ice for
40 min. The nuclei were pelleted by centrifugation at 2400g
for 10min at 4°C and resuspended in buffer B (25mM HEPES,
300mM NaCl, 5mM MgCl2, 1mM EGTA, 20% glycerol, pH7.4)
supplemented with 50mM NaF, 1mM Na3VO4, 1mM DTT, 1mM
PMSF, and 1μg/ml protease inhibitor cocktail. After incubation
on ice for 60min, the lysates were centrifuged at 12,000g for
20 min at 4°C, the supernatants (nuclear extracts) were collected. HDAC activity was measured by a colorimetric HDAC
activity assay (Biovision Research, Mountain View, California).
Anti-acetyl histone H3-K14 (Millipore, Billerica, Massachusetts) was determined by Western Blot analysis.
BRET Assay

For the construction of VEGFR2-luciferase fusion protein, renilla luciferase coding sequence was amplified from pRL-null
vector (Promega, Madison, WI) using sense and antisense
primers harboring unique cloning sites (XbaI and ApaI). The
PCR fragments were then inserted to yield constructs that
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were named VEGFR2-Rluc. Construction of plasmids for GFP2AC5 fusion proteins were carried out by digesting AC5 coding
sequences from their expression plasmids with HindIII and
ApaI, and then inserting them in-frame into GFP2-C3 vector.
Cells were transiently transfected using Lipofectamine, 48
hours post-transfection, cells were detached with PBS/EDTA
and resuspended in PBS containing 0.1% glucose (w/v) and
2μg/ml aprotinin, and then transferred to 96-well microplates
(white Optiplate from BioSignal Packard Biosciences) at a density of 100,000 cells/well. Deep Blue C (coelenterazine; BioSignal Packard Biosciences) was added at a final concentration of
5μM, and readings were collected using a Fusion microplate
analyzer (BioSignal Packard Biosciences) that allows the sequential integration of the signals detected in the 330-490 nm
and 485-545 nm windows using filters with the appropriate
band pass. The bioluminescence resonance energy transfer
(BRET) signal is determined by calculating the ratio of the light
emitted by the AC5-GFP (500-530 nm) over the light emitted
by the VEGFR2-Rluc (370-450 nm). The values were corrected
by subtracting background signal detected in vehicle-treated
cells containing both Rluc or GFP2 proteins.
Glucocorticoid receptor genotyping

The CpG islands of 221 donors previously characterized for
GR SNPs [33] were genotyped using standard PCR methods.
Seven promoter fragments were ampliﬁed from genomic DNA
using primers. PCR fragments were puriﬁed using the Jetquick
PCR puriﬁcation kit (Gemomed, DE). Puriﬁed products were
sequenced using the BigDye 3.1 Terminator cycle sequencing
reagent (Applied Biosystems, Nieuwerkerk, The Netherlands)
on the ABI 3130 sequencer (Applied Biosystems) using the
pMetLuc-sequencing primers. Sequences were analysed in
Vector NTi (Invitrogen, Paisly, UK).
Statistical analysis-Data are presented as mean±S.E.M., either
unpaired Student’s t test (two-tailed) or a one-way analysis of
variance was performed for statistical comparisons. Dunnett’s
multiple comparison was used to determine which conditions
with signiﬁcant different from the controls.
Results

Mitochondrial and vascular sensitivity during long-term
morphine treatment
Chronic use of morphine is thought to induce microenvironment adaptations in brain, the changes were ultimately proposed to contribute to drug addiction phenotypes [1,2,34]. In
the present study, oxidant production in the prefrontal cortex was firstly measured using DCF probe, in which the basal
buffer condition measured predominantly nonmitochondrial sources of oxidant generation and maximum one could be
stimulated by the induced buffer. As illustrated in Figure 1A,
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oxidant production in the induced buffer was increased around
2.2-3.2 folds over control following long-term morphine treatment and subsequent naloxone precipitation, while oxidant
production in the basal buffer could only be initiated by naloxone replacement. In accordance with this observation, XO and
xanthine dehydogenase (XDH) activity were only sensitive to
naloxone replacement, values increased around 3.0 folds over
control (Figure 1B).

Figure 1. Mitochondrial and vascular sensitivity during long-term
morphine treatment. Mice were undergone chronic morphine treatment and naloxone precipitation (n = 5 for each treatment), 4 days later, prefrontal cortex was extracted: A, oxidant production in induced
or basal buffer were quantified by photocytometry assay, data was
converted to pmol/mg protein; B, XO and XOH activity were quantified, data was converted to μU/mg protein; C, PGC-1α expression was
detected by Western Blot analysis. D, VEGF production was measured
by ELISA assay. Data are normalized and calculated as the percentage
of control, each value is the mean±S.E.M. for 5 independent experiments. * P< 0.05 vs saline.

A number of physiological studies have established roles for
peroxisome proliferators-activated receptor coactivator-1
α (PGC-1α) and VEGF signaling in mitochondrial biogenesis
and vascular sensitivity respectively [35-37]. Consequently,
by Western Blot analysis, it was illustrated that PGC-1α expression could be progressively down-regulated about 40%
by long-term morphine treatment and subsequently naloxone
precipitation (Figure 1C); by ELISA assay, VEGF production
was dramatically enhanced following naloxone replacement
(Figure 1D).

Connection of VEGFR-2 and AC5 during long-term
morphine treatment

Given above observation, we assumed that VEGFR-2 signaling
might correlate more with naloxone precipitation. By Western
Blot analysis, it was illustrated that VEGFR2-Y1175 expression
in prefrontal cortex dramatically rose to ~2.1 folds over control when challenged with naloxone replacement (Figure 2A).
By immuno-fluorescent staining and immunoprecipitation, it

was not surprising that in prefrontal cortex, VEGFR-2 and AC5
were co-localized, and their molecular connection was elevated around 2.4 folds over control after naloxone precipitation
(Figure 2B, C).

Figure 2. Connection of VEGFR-2 and AC5 during long-term morphine treatment. Mice were undergone chronic morphine treatment and naloxone precipitation (n = 5 for each treatment), 4 days
later, prefrontal cortex was extracted. A, VEGFR-2 phosphorylation
was determined by Western Blot analysis; B, connection of AC5 and
VEGFR-2 was detected by immunoprecipitation, in which anti-AC5
was used as an immunoprecipitated antibody and anti-VEGFR-2 as
an immunoblot antibody. C, cross section of prefrontal cortex were
subsequently immuno-stained with anti-VEGFR2 and Alexa 488 antibody, anti-AC5 and Alexa 594 antibodies, each group were analyzed
by Leika Q500IW image analysis system, Scale bar=50μm. D, cortical
neurons were grown for 10 days, and co-cultured with vasculature in
the presence of morphine for the indicated time, VEGFR2 phosphorylation was determined by Western blot analysis. E, N2A-MOR were
transiently co-transfected with VEGFR-2-Rluc and GFP2-AC5 or GFP2
vector followed by chronic morphine treatment and subsequent naloxone precipitation, reading of the signals detected in the 370–450and 500–530-nm windows, the BRET signal was determined by the
ratio of the light emitted by the GFP2 or GFP2-AC5 (500–530 nm)
over the light emitted by the VEGFR2-Rluc (370–450 nm). Data are
normalized and calculated as percentage of control, each value represents mean±S.E.M of five independent experiments. *p<0.05 vs control or saline.

To ensure above crux event, in cortical neuron-vasculature
co-culture, the sensitivity of VEGFR2-Y1175 could be enhanced
by naloxone replacement (Figure 2D). Furthermore, BRET assay was performed, N2A-MOR were transiently co-transfected
with VEGFR-2-Rluc and GFP2-AC5 or GFP2 vector, the expression levels of luciferase-tagged VEGFR-2 were controlled to be
within 10% difference, the GFP and GFP-AC5 were blotted with
anti-GFP antibody and quantiﬁed to be at about the same level
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(data not shown). Figure 2E illustrated that nalxone replacement induced an increased interaction of VEGFR-2 and AC5,
the plateau value of BRET ratio increase was 0.023±0.007.
Naloxone precipitated AC superactivation was not dependent on mitochondrial sensitive

Probably, the ability of VEGFR-2 and AC5 connection could
tether AC5 inhibition, whose impairment was proposed to
enable cAMP signaling amplification. In cortical neuron-vasculature co-culture, by Western Blot analysis, Figure 3A and B
illustrated that AC5 expression was greatly elevated following
4h of morphine exposure and subsequent naloxone precipitation, intriguingly, the up-regulation could be interrupted when
infected with PGC-1α siRNA. It was nearly matched with above
observation, intracellular cAMP levels was firstly attenuated
to around 50% control, and then increased to 104.6±13.4 and
343.8±32.5% control following 4h of morphine exposure and
subsequent naloxone precipitation, PGC-1α knockdown resulted in partly inhibition in cAMP production (Figure 3C).

Figure 3. Naloxone precipitated AC superactivation was not dependent on mitochondrial sensitive. Cortical neurons were grown for
10 days, and co-cultured with vasculature in the presence of PGC1⍺ siRNA followed by chronic morphine treatment and subsequent
naloxone precipitation. A and B, AC5 expression was determined by
Western blot analysis; C, amount of intracellular cAMP production in
the presence of 10μM forskolin was measured by AlphaScreen cAMP
detection kit; D and E, CREB expression was detected by Western Blot
analysis. Data are normalized and calculated as percentage of control,
each value represents mean±S.E.M of five independent experiments.
*p<0.05 vs control.

The transcription factor cAMP response element-binding protein (CREB) is likely related to a few signs of opiate withdrawal
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[38-46]. By Western Blot analysis, CREB expression was greatly increased following chronic morphine treatment and subsequent naloxone replacement. As anticipated, the up-regulation mediated by morphine was mostly dependent on PGC-1α
(Fig3D, E).

Alternative expression of GR promoters during morphine treatment

The sequence variability within alternative GR promoter was
investigated. By real-time PCR, it was demonstrated in Figure 4A that, promoter-1C could be initiated both by chronic
morphine treatment and subsequent naloxone precipitation,
and promoter-1B could only be up-regulated by naloxone
precipitation. Coincidently, GR⍺ mRNA expression displayed
similar change pattern with that of promoter-1C, and GRp
with promoter-1B. In neuron-vasculature co-culture, it was
further illustrated that GRp expression could be up-regulated
by naloxone precipitation, the effect was disrupted by VEGFR2
knockdown (Figure 4B). Comparably, chronic morphine initiated expressions of GR ⍺ and GRp could be inhibited by transfection of PGC-1 ⍺ siRNA (Figure 4C).

Figure 4. Alternative expression of GR promoters during morphine
treatment. A, Mice were undergone chronic morphine treatment and
naloxone precipitation, prefrontal cortex was separated. and expressions of GR promoters were detected by real time PCR. B, cortical neurons were grown for 10 days, and co-cultured with vasculature in the
presence of VEGFR2 siRNA followed by chronic morphine treatment
and subsequent naloxone precipitation, expressions of GR promoters
were detected by real time PCR. C, cortical neurons were grown for
10 days, and co-cultured with vasculature in the presence of PGC1⍺ siRNA followed by chronic morphine treatment and subsequent
naloxone precipitation, expressions of GR promoters were detected
by real time PCR. D, cortical neurons were grown for 10 days, and
co-cultured with vasculature in the presence of morphine for the indicated time, nuclear was separated and SHP-2 expression was determined by Western Blot analysis. E, cortical neurons were grown for
10 days, and co-cultured with vasculature in the presence of SHP-2
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or SHP-2 siRNA followed by chronic morphine treatment and subsequent naloxone precipitation, GR-1B and GRp activity was detected
by luciferase assay. Data are normalized and calculated as percentage
of control, each value represents mean±S.E.M of five independent experiments. *p<0.05 vs control or saline.

Moreover, in neuron-vasculature co-culture, by Western Blot
analysis, it was demonstrated that nuclear SHP-2 expression
was elevated by naloxone precipitation but not by long-term
morphine exposure (Figure 4D). By luciferase assay, it was
found that activities of GR-1B and GRp were enhanced by SHP2 over-expression and decreased by SHP-2 siRNA (Figure 4E).
GR dependent CREB activation during long-term morphine treatment.

It has been reported that CaMKII activation is associated with
CREB signaling, and contributes greatly to morphine tolerance
and dependence [47-48]. In neuron-vasculature co-culture, we
demonstrated that CaMKII expression was evidently elevated
following long-term morphine treatment and subsequent naloxone precipitation, intriguingly, the effect of naloxone precipitation was more dependent on GRp than GR⍺ (Figure 5A, B).
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with vasculature in the presence of mutated GRp/GR⍺ followed by
chronic morphine treatment and subsequent naloxone precipitation.
A and B, CaMKII activation was measured by Western Blot analysis; C
and D, CREB phosphorylation was determined by Western Blot analysis; E, nuclear HDAC activity was determined by photocytometry
assay; F and G, histone phosphoacetylation was measured by Western Blot analysis. H, cortical neurons were grown for 10 days, and
co-cultured with vasculature in the presence of H3K14 or H3K14S10,
CREB activity was detected by luciferase assay. I, cortical neurons
were grown for 10 days, and co-cultured with vasculature in the presence of mutated GRp/GR⍺ followed by chronic morphine treatment
and subsequent naloxone precipitation, CREB activity was detected
by luciferase assay. Data are normalized and calculated as percentage
of control, each value represents mean±S.E.M of five independent experiments. *p<0.05 vs control or saline.

Similar alteration happened in CREB phosphorylation (Figure
5C, D). Additionally, HDAC activity and the expression of phosphoacetylated histone (H3K14S10) were enhanced by longterm morphine treatment and subsequent naloxone precipitation, the responses initiated by naloxone precipitation was
strongly related with GRp but not GR⍺ (Figure 5E-G). By luciferase assay, it was further revealed that CREB activity was under the control of H3K14S10 (Figure 5H), which was dramatically increased following long-term morphine exposure and
subsequent naloxone precipitation, the alteration initiated by
naloxone precipitation was also dependent on GRp (Figure 5I).
Vasculature is more sensitive to psychiatric stress

Mice were subjected to cat urine stimulator stress (PSS) for
14 days, then undergone chronic morphine treatment, it was
demonstrated that nonmitochondrial sources of oxidant production displayed more increase in the presence of PSS (Figure
6A). As anticipated, similar change pattern was observed in
XO/XDH activity (Figure 6B). By real-time PCR and FISH assay,
it was illustrated that protein and mRNA expressions of GR⍺
could be up-regulated both by long-term morphine treatment
and subsequent naloxone replacement, while GRp was only
sensitive to naloxone replacement, significantly, it was GRp but
not GR⍺ could be further strengthened in the presence of PSS
(Figure 6C-E).

Figure 5. GR dependent CREB activation during long-term morphine
treatment. Cortical neurons were grown for 10 days, and co-cultured
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Figure 6. Vasculature is more sensitive to psychiatric stress. Mice
were subjected with predator stimulation stress (PSS) for 14 days,
then undergone chronic morphine treatment and naloxone precipitation, prefrontal cortex was separated. A, oxidant production in
induced or basal buffer were quantified by photocytometry assay,
data was converted to pmol/mg protein; B, XO and XOH activity were
quantified, data was converted to μU/mg protein; C, mRNA expressions of GRp and GR⍺ were detected by real-time PCR; D and E, FISH
assay was performed using GRp and GR⍺ probe and Alexa 488 antibody, each group were analyzed by Leika Q500IW image analysis system, Scale bar=50μm. Data are normalized and calculated as percentage of control, each value represents mean±S.E.M of five independent
experiments. *p<0.05 vs saline.

Distinctive effects of GR on morphine dependence and tolerance

Above results promoted to study the functional modulation
of morphine dependence and tolerance. Firstly, by counting
somatic withdrawal signs including jumps, tremors, wet-dog
shakes, rears, and grooming behavior, it was illustrated that, all
monitored withdrawal signs were greater in long-term morphine treatment than control animals (jumps: t=10.5, P<0.001;
tremors: t=5.25, P<0.001; wet-dog shakes: t=2.75, P<0.05;
rears: t=16.2, P<0.001; grooming: t=18.9, P<0.001), the withdrawal effect could be distinctively improved by mutation of
GR⍺ or GRp. Additionally, mice in the presence of PSS showed
considerably more dependency to morphine, with higher
number of withdrawal signs (jumping, rear and grooming)
than morphine treatment regimen (Figure7A-D).

Figure 7. Distinctive effects of GR on morphine dependence and tolerance. Mice were subjected to chronic stress, then undergone chronic
morphine treatment and naloxone precipitation (n = 5 for each treatment); or mice were cortical injected adeno-muGRp/GR⍺ followed
by chronic morphine treatment and naloxone precipitation (n=5). A
and D, mice were placed in the indicated monitor, withdrawal scores
including jumping, tremor, wet-dog shake, rear and grooming were
measured based on individual signs. B and E, mice were subjected
to hot-plate, the cutoff time was set at 10s, antinociceptive response
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is expressed as the mean with S.E.M. of percentage of the maximum
possible effect (%MPE). C and F, mice were placed in the NE quadrant
of the water maze without the platform for 60s, amount of time the
mice spent in each quadrant searching for the platform was recorded. Probe tests were performed every 4 days afterward until the mice
spent an equal amount of time in each quadrant. Data are normalized
and calculated, each value represents mean±S.E.M of five independent experiments. *p<0.05 vs saline.

Antinociceptive property of morphine was examined by hotplate test, a paradigm that primarily assessed supraspinal
pain responsiveness [49]. It was demonstrated that onset of
morphine tolerance was readily apparent in mice after 2 days
of morphine treatment, the degree of tolerance could not be
alleviated by mutation of GR⍺ or GRp. Intriguingly, in the presence or absence of PSS, mice displayed similar level of morphine tolerance (Figure7B, E). Finally, mice were placed in the
NE quadrant of the water maze without the platform for 60s,
the amount of time the mice spent in each quadrant searching
for the platform was recorded. It was demonstrated that mice
spent less time in SW quadrant following chronic morphine
treatment, this performance could be deteriorated in animals
subjected to PSS, importantly, the effect was related with GR⍺
or GRp (Figure 7C, F).

Discussion

In the present study, we showed that there was an apparent mitochondrial oxidant production following long-term morphine
treatment, while naloxone precipitation equipped a higher
capacity in modulation of VEGF-VEGFR2 signaling, thereby,
it was postulated that a vascular adapted microenvironment
might be established during morphine withdrawal. Moreover,
it was shown that VEGFR-2 was related with cAMP overshoot
via a close connection with AC5. Since morphine dependence
was associated with neuronal opioid receptor-dependent
cAMP signal transduction networks, then, the observation
was apparently extended to the realization that mitochondrial biogenesis appeared to control MOR desensitization, while
VEGF-VEGFR2 signaling might preferentially be manipulated
during morphine withdrawal.

It was recognized that chronic opioid use leads to reprogramming of GR-dependent genes. Particularly, there was result
showed that the levels of hippocampal GR mRNA are more
sensitive to episodes of withdrawal [25-29]. Coincidently, we
demonstrated herein that GR⍺ and GRp could be sensitized respectively following long-term morphine exposure and naloxone precipitation. As GR has multiple promoters, studies documented that introns upstream of exons 1B, C, D, F, and H are
active promoters [31], among them, the predominantly constitutive nature of promoter 1C is consistently stronger than
1B, D, E, F, J and H [30-32]. In our experiment, it was observed
that GR-1C and reflected GR⍺ may be involved in chronic mor-
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phine treatment, while GR-1B and reflected GRp were biased
initiated following naloxone precipitation. Additionally, we
demonstrated that GRp and GR⍺ were functional related with
vascular and mitochondrial capacity respectively, and GRp was
more responsible for CREB activation than GR⍺. Then the data
indicated that alternative GR promoter usage was proposed to
result in different functional consequences and equip an individual capability to adaptive changes in morphine addiction.

As well characterized, stressful experience initiates a neuroendocrine response [53-55], GR activation was found to drive
somatodendritic opioid release, resulting in a persistent retrograde suppression of synaptic transmission through presynaptic MOR. In return, stress experience during opioid withdrawal may modify synaptic plasticity and play important roles in
drug-associated memory. In our present experiment, predator
stimulator stress was established in mice and used as an animal model with persistent GR up-regulation [25-29]. As expected, we found that PSS was in cross-sensitization to morphine, however, with much higher mitochondrial and vascular
sensitivity. Finally, we demonstrated that morphine produced
expression of somatic withdrawal signs including jumping,
tremor, wet-dog shake, rear and grooming, which could be GRp
dependently deteriorated when subjected with PSS, similar alteration could be observed in place conditioning performance
but not antinociceptive tolerance. Therefore, it was presumed
that VEGF-VEGFR2 conditioned vascular remodeling might be
predominantly contribute to morphine withdrawal via GRp related transcription machinery, the cellular events might serve
as a lynchpin at the intersection of morphine dependence and
tolerance.

Conclusion

Altogether, we revealed in prefrontal cortex, that there was apparent mitochondrial and vascular oxidant production following long-term morphine treatment and subsequent naloxone
precipitation. Comparably, naloxone precipitation equipped a
capacity in modulation of VEGF-VEGFR2 signaling and a close
connection of VEGFR2 and AC5. Moreover, there was alternative GR promoter usage that was related with vascular and mitochondrial sensitivity, GR-1C and reflected GR⍺ were involved
in chronic morphine treatment, while GR-1B and reflected GRp
were biased initiated following naloxone precipitation, the distinctive alteration equipped an individual capability to mediate CREB expression and phosphorylation. Of most interest,
by using mice subjected to predator stimulator stress (PSS), it
was visualized that PSS was in cross-sensitization to morphine,
however, with much higher capacity in oxidant production and
CREB activation. Intriguingly, mice with PSS exhibited deteriorated behaviors in terms of morphine withdrawal and place
conditioning, but not antinociceptive tolerance, the responses
were more related with GRp than GR⍺. Therefore, our results
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unveiled a pivotal role of mitochondrial and vascular environment in the maintaining and potentiation of neuro-adaptive
morphine activities, in which increasing vulnerability of GRp
to vascular remodeling was thought to be critical for morphine
withdrawal.
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