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Upregulation of Nerve Growth Factor in Central Amygdala
Increases Sensitivity to Opioid Reward

Bihua Bie', Yan Wang', You-Qing Cai', Zhi Zhang', Yuan-Yuan Hou' and Zhizhong Z Pan*'
'Department of Anesthesiology and Pain Medicine, The University of Texas MD Anderson Cancer Center, Houston, TX, USA

The rewarding properties of opioids are essential driving force for compulsive drug-seeking and drug-taking behaviors in the
development of opioid-mediated drug addiction. Prior drug use enhances sensitivity to the rewarding effects of subsequently used drugs,
increasing vulnerability to relapse. The molecular mechanisms underlying this reward sensitization are still unclear. We report here that
morphine that induced reward sensitization, as demonstrated by reinstatement of the behavior of conditioned place preference (CPP)
with sub-threshold priming morphine, epigenetically upregulated the output activity of Ngf encoding the nerve growth factor (NGF) by
increasing histone H4 acetylation in the rat central nucleus of the amygdala (CeA). NGF locally infused into the CeA mimicked the
morphine effect in inducing new functional delta-opioid receptor (DOR) that was required for the reward sensitization, and morphine-
induced reward sensitization was inhibited by blocking NGF receptor signaling in the CeA. Histone deacetylase inhibitors that increased
the acetylation level at the Ngf promoter and NGF expression in the CeA also induced reward sensitization in a CeA NGF signaling- and
DOR-dependent manner. Furthermore, CeA-applied NGF substituted prior morphine to induce reward sensitization in naive rats and
also substituted priming morphine to reinstate the CPP induced by prior morphine. Thus, epigenetic upregulation of NGF activity in the
CeA may promote the behavior of opioid reward and increase the sensitivity to the rewarding effect of subsequent opioids, a potentially

important mechanism in drug addiction.

INTRODUCTION

Drug addiction is a chronically relapsing neuropsychiatric
disorder characterized by compulsive drug taking, which is
driven by the rewarding effect of drugs of abuse, including
opioids, and by a negative emotional state of withdrawal
syndrome (Hyman et al, 2006; Koob, 2008). Prior use of
abused drugs can augment the sensitivity to the effects of
subsequently administered drugs, a likely cause for relapse
(Koob et al, 2009), but the underlying neurobiological
mechanisms remain largely unclear. Among drug reward-
related brain areas, the central nucleus of the amygdala
(CeA) has emerged recently as an important brain region
that mediates stimulus-reward learning and drug-seeking
behaviors in drug addiction (Baxter and Murray, 2002;
Gottfried et al, 2003; Le Merrer et al, 2009). Abused drugs
induce long-lasting, multifaceted neural maladaptations in
brain circuits, particularly glutamate synapses, which have a
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central role in learning and adaptive responses to repeatedly
administered drugs of abuse (Carlezon and Nestler, 2002;
Jones and Bonci, 2005; Luscher and Malenka, 2011; Russo
et al, 2010; Siggins et al, 2003).

Opioids effects are mediated by three types of opioid
receptors: mu (MOR), delta (DOR), and kappa (Le Merrer
et al, 2009; Pan, 1998; Waldhoer et al, 2004). The rewarding
effect of opioids is primarily mediated by MOR (Contet
et al, 2004; Matthes et al, 1996), but the role of DOR in
opioid reward and drug addiction is still largely unknown
(Le Merrer et al, 2009). Recent studies show that DOR in
central neurons normally lacks function because of its con-
stitutively intracellular localization, but becomes functional
through membrane trafficking under various pathological
conditions including chronic opioid exposure (Bie et al,
2009b, 2010; Cahill et al, 2007; Commons, 2003; Hack et al,
2005; Ma et al, 2006). This indicates that DOR may have a
critical role in adaptive responses and neuronal plasticity
underlying the mechanisms for chronic opioid-associated
diseases such as drug addiction and drug sensitization in
relapse.

The neurotrophin brain-derived neurotrophic factor (BDNF)
has been demonstrated to promote the behavior of cocaine
addiction (Graham et al, 2007; Lu et al, 2004). In contrast,
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the role of nerve growth factor (NGF) in drug addiction is
still unclear. For example, although NGF was epigenetically
downregulated in the serum of alcohol-dependent patients
after withdrawal (Heberlein et al, 2011), infusion of NGF
into the ventral tegmental area failed to change cocaine-
seeking behavior, which was enhanced by similar infusion
of BDNF (Lu et al, 2004). We have shown recently that NGF
can induce new functional DOR in CeA neurons, indicating
a potential NGF role in CeA-related behavior of opioid
addiction (Bie et al, 2010). In this study, we examined
opioid regulation of Ngf gene activity in CeA neurons and
roles of CeA NGF in opioid-induced behaviors of reward
sensitization.

MATERIALS AND METHODS
Animals and Microinjection

All procedures involving the use of animals conformed to
the guidelines by the Institutional Animal Care and Use
Committee of the University of Texas MD Anderson Cancer
Center. Male Wistar rats, weighing 200-250g, were used.
General methods for CeA-specific drug infusion have been
described in details in our previous studies (Bie et al, 2009a;
Zhu et al, 2007). A 26-gauge single guide cannula was
implanted, aiming at the CeA (AP: —2.3 mm; L: + 4.0 mm;
V: —8.0 mm) on both sides of the brain before conditioning
treatment. Drugs were infused bilaterally in a volume of
0.5l into the CeA on each side through a 33-gauge single
injector with an infusion pump at a rate of 0.1 pl/min. The
injection sites for the CeA were histologically verified
afterward by injecting 0.5 ul of a blue dye, as shown before
(Bie et al, 2009a). For CeA pre-treatment, Trichostatin A
(TsA, 2.5 pg) was infused into the CeA 4 h before condition-
ing with priming morphine. K252a (24 ng) was infused into
the CeA 30 min before the posttest or conditioning with
priming morphine, or was co-infused with TsA. Naltrindole
(NTD, 0.45ng) was infused once 30 min before the condi-
tioned place preference (CPP) test 1 day after CPP establish-
ment or 30 min before the CPP test for CPP reinstatement
with priming morphine. DMSO was used as vehicle for these
drugs. For NGF substitution of morphine conditioning,
NGF (0.05 pg) was infused into the CeA 4h before priming
morphine. For NGF-reinstated CPP, the rat was conditioned
(confined to the previous morphine-paired chamber) three
times at 15min, 2h, and 4h after a single bilateral CeA
infusion of NGF at the same dose, followed by saline
conditioning on the following day. NGF-reinstated CPP was
examined on the 3 days (D1-D3) following the day of saline
conditioning.

Conditioned Place Preference

General methods of CPP have been described in our
previous reports (Bie et al, 2009b; Zhu et al, 2007). With a
standard three-chamber rat CPP apparatus (MED Associ-
ates, St Albans, VT), the conditioning procedure consisted
of four phases. Phase 1 (habituation, days 1-2): after an
intraperitoneal (i.p.) saline injection, a rat was allowed to
move freely between the chambers for 30 min each day.
Phase 2 (pretest, day 3): after an i.p. saline injection, a CPP
test (pretest) was conducted in a 30-min test period, which
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determines the baseline chamber preference or chamber
bias. Phase 3 (morphine conditioning, days 4-11): the rat in
the morphine group was injected with morphine (10 mg/kg,
i.p.) or saline and was immediately confined in a chamber
for 20 min on alternate days (four morphine and four saline
sessions). Conditioning with morphine was paired with the
non-preferred chamber of two conditioning apparatuses
with different amount of equipment bias to access equip-
ment bias-independent CPP measurements. CPP also can be
consistently induced by morphine paired with the preferred
chamber (Zhu et al, 2007). Rats in the saline group were
similarly conditioned with saline only (eight saline sessions).
Phase 4 (posttest, day 12): after an i.p. saline injection, a
CPP test (posttest) was performed for 30 min on the condi-
tioned rat and CPP behavior was determined by comparing
the pretest and posttest on the same rat. The preference data
were expressed as the percentage of time in the morphine-
paired chamber over the total time in both test chambers.

CPP Extinction and Reinstatement

For CPP extinction, rats were injected with saline and then
confined to the previous morphine-paired chamber for
20 min daily for 10 days. CPP extinction was confirmed by a
CPP test. To reinstate the CPP, the rat was injected with
morphine (1 mg/kg, i.p.) and then confined to the previous
morphine-paired chamber for 20 min, and on the following
day, the rat was injected with saline and confined in the other
chamber for 20 min. A day later, a CPP test was performed
to confirm the CPP reinstatement. The effect of a CeA-infused
drug was examined by a CPP test 1 day after posttest or
after CPP reinstatement. For NGF-reinstated CPP, bilateral
CeA infusion of NGF (0.05 ug/0.5 pl each side) substituted
priming morphine for conditioning at 15min, 2h, and 4h
after NGF infusion, followed by CPP tests over 3 days.

Chromatin Immunoprecipitation Assay (ChIP)

The ChIP assay was performed as we previously described
(Wang et al, 2007; Zhang et al, 2011). CeA tissues were
collected from rats at different behavioral stages of CPP
immediately after the posttest for the stage of CPP establi-
shment, after extinction training and confirming CPP test
for extinction, and after test of reinstated CPP for reinstate-
ment. Tissues were cross-linked with 2% formaldehyde.
Chromatin was solubilized and sonicated to produce fragments
of approximately 400 bp. One-third of the pre-immunopre-
cipitation (IP) lysate was used to determine the input of
DNA. The input-level control was processed with the eluted
IP. The polyclonal antibody against acetylated H4 at K5, K8,
K12, and K16 (Upstate Biotechnology) was used at 1:100
dilution. Immunocomplexes were recovered by adding 30 pl
of the salmon sperm DNA/protein A agarose beads. After
reversal of the cross-linking between histones and DNA,
DNA fragments were purified and chromatin from cross-
linked CeA tissues was sonicated and IP with the anti-
acetylated H4 antibody. DNA co-IP with acetylated histone
H4 and input DNA were purified by reverse cross-linking,
followed by phenol-chloroform extraction. DNA was then
quantified in a NanoDrop spectrophotometer (NanoDrop
Technologies). Global histone H4 acetylation levels were
expressed as the ratio of the amount of DNA associated with
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the acetylated chromatin to input DNA. The entire protocol
was repeated four times to obtain the means and SEM.

PCR

Real-time PCR was performed using the ABI SYBR Green
PCR protocol (Applied Biosystems) as described before (Ma
et al, 2006). Primers were designed to amplify approxi-
mately 200-bp fragments within the Ngf transcriptional
control region. Gapdh was used as the internal control. For
ChIP assay to detect H4 acetylation across the Ngf promoter
region, the primers sets were: Ngf (5-TTTTTCGGAGCTG
GGGACTGA-3, 5-AAGGAGATATAGGGGGAGGTTGTA-3')
and Gapdh (5'-GAATGGATTTGGCCGTATTG-3/, 5'-GATCT
CGCTCCTGGAAGATG-3"). Amplifications were run in
triplicate and the changes on histone H4 acetylation were
calculated by the AACT method. The amount of DNA
recovered in the IP was expressed as the ratio of input DNA
with the equation: IP/input=2A(CT™P"—~Ct""). Reverse
transcription and real-time PCRs were performed in tripli-
cate with Ngf exon primers (5-AAGTCAGCAGGGGATGA
CAC-3/, 5'-CACATCTGCAGGGGATTTCT-3’), and f-actin
primers (5-GTCGTACCACTGGCATTGTG-3/, 5'-CTCTCAG
CTGTGGTGGTGAA-3').

Synaptosome Preparations and Western Blot

Detailed methods of western assays and synaptosome
preparations have been reported previously (Bie et al,
2010). CeA tissues were gently homogenized in ice-cold
0.32M sucrose buffer and centrifuged at 1000 x g (4 °C).
The supernatant was collected and centrifuged at 10000 x g
(4°C), and the synaptosomal pellet was re-suspended in a
lysis buffer (0.1% Triton X-100, 150 mM NaCl, 25 mM KCl,
10 mM Tris-HCI, pH 7.4, with protease inhibitors). For total
protein preparations, CeA tissues from saline- and mor-
phine-conditioned rats were homogenized in the lysis
buffer, the lysates were centrifuged at 14000r.p.m., and
the supernatant was used for SDS-PAGE. Protein concen-
trations were determined by the Bio-Rad (Hercules, CA)
protein assay Kkit. Proteins were separated and electrotrans-
ferred onto nitrocellulose membrane. The amount of
protein loaded in each lane was 20pg. Samples were
incubated overnight at 4°C with a primary antibody for
NGF (1:1000, Sigma), DOR (1:250, Santa Cruz Biotechnol-
ogy), pf-actin (1:200, Santa Cruz Biotechnology), or
synaptophysin (1:2500, Millipore). For immunobloting,
15% SDS-polyacrylamide gel was used for NGF and 10% gel
for DOR with composition including 29:1 40% acrylamide,
sodium dodecyl sulfate, H,O, N,N,N',N'-tetramethylethyle-
nediamine, and ammonium persulfate. After washes, the
blots were incubated with horseradish peroxidase-conju-
gated secondary antibody (1:10000) (Amersham, Arlington
Heights, IL) for 1 h. Immunoreactive proteins were detected
by the enhanced chemiluminescence advance kit (Amer-
sham). The intensity of bands was digitally captured and
quantitatively analyzed with the software Kodak 1D (East-
man, Kodak, Rochester, NY). The immunoreactivity of
target proteins was normalized to that of f-actin for total
protein, or to the specific synaptic terminal marker
synaptophysin for synaptosomal proteins.
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Slice Preparations and Whole-Cell Recording

General recording methods are the same as in previous
studies (Bie et al, 2009b, 2010). Visualized whole-cell
voltage-clamp recordings were obtained from neurons in
the medial part of the CeA in a slice with a glass pipette
(resistance 2-4 MQ) containing (in mM): K-gluconate, 126;
NaCl, 10; MgCl,, 1; EGTA, 11; HEPES, 10; ATP, 2; GTP, 0.25;
pH adjusted to 7.3 with KOH; osmolarity 280-290 mOsm/1.
Electrical stimuli of constant current (0.25 ms, 0.04-0.2 mA)
were used to evoke glutamate-mediated excitatory post-
synaptic currents (EPSCs) in GABA, receptor antagonist
bicuculline (30 pM). Recordings in slices from all rats were
made in a morphine-free solution 1-3h after making the
slice preparation. Drugs were applied through the bath
solution.

Statistics and Materials

Numerical data of EPSCs and protein expression were stati-
stically analyzed with paired or unpaired Student’s tests.
Behavioral data were statistically analyzed with one-way or
two-way ANOVA with repeated measures and the Bonfer-
roni’s post hoc test. Data were presented as means = SEM
and p<0.05 was deemed statistically significant. Morphine
sulfate and [D-Pen? D-Pens]-enkephalin (DPDPE) were
supplied by the Drug Program of the National Institute on
Drug Abuse. Other drugs were purchased from Sigma-
Aldrich or Tocris Bioscience (Ellisville, MO).

RESULTS

As we reported before (Bie et al, 2009b; Zhu et al, 2007),
conditioning with morphine (10 mg/kg, i.p.), but not saline,
in rats consistently induced the CPP behavior (Figure la),
a common behavioral measure of drug reward in rodents
(Tzschentke, 2007). The established CPP behavior was
extinguished after daily conditioning with saline only for 10
days (n=15 rats) and the CPP was reinstated by condi-
tioning with a single, sub-threshold dose of priming morphine
(1 mg/kg, i.p., n=10), which was ineffective in saline-
conditioned naive rats (n =7, Figure 1b). This suggests that
pre-exposure to morphine increases the sensitivity to the
rewarding effect of subsequent morphine.

Given our recent finding of opioid-induced increase in
NGF activity in brainstem pain-modulating neurons (Bie
et al, 2010), we determined molecular mechanisms under-
lying the morphine-induced sensitivity increase, focusing
on epigenetic regulation of CeA NGF expression and its
functions. We found that the global level of histone acetyla-
tion was significantly increased in CeA lysates from rats
with established CPP (Figure 1c). After CPP extinction, the
global histone acetylation returned to pre-CPP levels, and
increased again following CPP reinstatement. Using the
CHIP assay (Zhang et al, 2011), we found that the level of
histone H4 acetylation across the Ngf promoter region
displayed similar CPP-correlated changes to those of global
acetylation levels, increasing on CPP establishment and
reinstatement (Figure 1d). The priming morphine failed to
change the level of either global acetylation or acetylation in
the Ngf promoter region in saline-conditioned control rats.
The acetylation level of histone H4 at the Gapdh promoter
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expression of nerve growth factor (NGF) in the central nucleus of the
amygdala (CeA) of rats with increased sensitivity to morphine reward.
(a) Behaviors of conditioned place preference (CPP), expressed as the time
spent in the conditioning chamber before (pretest) and after conditioning
(posttest), in saline-conditioned rats (one-way ANOVA (same below):
F,12=0.009, n=13) and in morphine-conditioned rats (F( 25 =58.47,
n=26). (b) CPP behaviors in morphine-conditioned rats after CPP
establishment (F( gy = 26.59), extinction (F(; ¢y = 52.98), and reinstatement
(F(1.9)=42.06) by a single priming dose of morphine (1 mg/kg, i.p.), and in
saline-conditioned naive rats either as control or after conditioning with
the priming morphine (F¢=1.08). N=7-I5 rats in each group.
(c) Normalized levels of global acetylated histone H4, expressed as the
ratio of DNA associated with the acetylated H4 to input DNA, in CeA
tissues from saline-conditioned naive rats, from morphine-conditioned rats
with CPP established, extinguished and reinstated, and from saline-conditioned
naive rats after conditioning with priming morphine. (d, e) Levels of H4
acetylation across the Ngf promoter region (d) and across the Gapdh
promoter region (e) in similar groups of rats to those in (a). N=>5-7 rats
for each group. (f) Changes in NGF mRNA levels in CeA tissues from
similar groups of morphine-conditioned rats at the three indicated CPP
stages and of saline-conditioned rats without or after conditioning with
priming morphine. N =5 rats for each group. (g, h) Representative western
blots (g) and group data of NGF protein levels normalized to f-actin (h) in
CeA tissues from similar rat groups as indicated. N =5 rats for each group.
Summarized data are mean = SEM. *p <0.05, **p <0.01. Establ., establish-
ment; Reinst., reinstatement.
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region was not significantly altered regardless of opioid
treatments or CPP conditions (Figure le). Thus, it appears
that morphine-induced CPP is associated with epigenetic
activation of Ngf transcription through histone hyperacety-
lation. As expected, we found that both the NGF mRNA and
NGF protein levels were also significantly increased in CeA
tissues from rats with CPP establishment and CPP reinstate-
ment, but not after CPP extinction (Figures 1f-h). Additionally,
CeA neurons displayed increased expression of NGF detected
immunocytochemically in rats with morphine-induced CPP
behavior (Supplementary Figure S1).

In CeA slices, the selective DOR agonist DPDPE (1 pM),
having no effect in CeA neurons from saline-conditioned
rats, significantly inhibited the amplitude of evoked gluta-
matergic EPSCs in 13 of 19 (68%) cells generally surveyed in
CeA neurons from morphine-conditioned rats displaying
established CPP. This appearance of functional DOR was
temporally correlated to CPP, present only with CPP
established or reinstated by priming morphine (Figures 2a
and b). The priming morphine itself was unable to induce
functional DOR in naive rats. To determine a causal role of
the DOR in CPP behavior, we then conducted behavioral
experiments in rats with an implanted CeA cannula.
Bilateral infusion of the selective DOR antagonist NTD
(0.45 pg in 0.5 pl each side) into the CeA, which blocks DOR
function in vivo (Bie et al, 2009a; Cornish et al, 2005;
Schmidt et al, 2002; Ward and Roberts, 2007), had no effect
on baseline preference behavior in saline-conditioned naive
rats, indicating the absence of functional DOR or lack of
tonic DOR effect under control conditions. However, in
morphine-conditioned rats, NTD significantly inhibited the
CPP 1 day after CPP establishment (Figure 2c) when the
CPP persisted otherwise (Bie et al, 2009a; Zhu et al, 2007).
CeA-applied NTD also significantly attenuated priming
morphine-reinstated CPP (Figure 2d).

As morphine epigenetically upregulated Ngf expression
and induced new DOR in CeA neurons, we next determined
whether the NGF upregulation and NGF signaling was involved
in morphine induction of DOR and reward sensitization. In
contrast to its ineffectiveness in control slices, the DOR
agonist DEDPE (1pM) significantly inhibited EPSCs in
CeA neurons in naive slices incubated with NGF (100 ng/ml)
in vitro for 4h (n=9 out of 12 (75%) cells surveyed,
Figure 3a). The NGF treatment also induced functional DOR
(n=6 out of 8 (75%) cells surveyed) in CeA slices from
morphine-treated rats with the CPP extinction (Figure 3b).
In addition, in CeA slices from morphine-treated rats with
either established CPP or reinstated CPP, the DOR agonist
was no longer effective after incubating the slices for 4h
in vitro with K252a (0.2uM), an inhibitor of the NGF
receptor tyrosine receptor kinase (Trk) (Figures 3¢ and d).
Furthermore, bilateral CeA infusion of K252a (24 ng) inhi-
bited morphine-induced CPP (n = 6 rats) whereas it did not
alter the preference behavior in saline-conditioned rats
(n=4 rats, Figure 3e). CeA-infused K252a also attenuated
priming morphine-reinstated CPP (n =6 rats, Figure 3f).

Next, we determined whether the epigenetic upregulation
of CeA NGF was essential for the reward sensitization.
We induced histone hyperacetylation with TsA, a commonly
used histone deacetylase inhibitor that increases histone
acetylation non-selectively (Finnin et al, 1999; Zhang et al,
2011). Mimicking the effect of morphine conditioning
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| day after posttest, on baseline preference in saline-conditioned naive rats (F( 5y = 1.32, n=>5) and in morphine-conditioned rats with CPP (F, 5 =20.90,
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data are mean £ SEM. *¥p <0.01.

(Figure 1b), pre-treatment of naive rats by CeA infusion of
TsA (2.5pg) increased the sensitivity to opioid reward, as
priming morphine (1 mg/kg) induced CPP behavior in TsA-
treated, opioid-naive rats (n =7), but not in vehicle-treated
rats (n=>5, Figure 4a). As expected, the CeA pre-treatment
with TsA significantly increased the levels of global histone
H4 acetylation, H4 acetylation on the Ngf promoter, and
NGF mRNA in the CeA from naive rats with priming
morphine-induced CPP (Figure 4b). Additionally, expres-
sion of CeA NGF protein and synaptosomal DOR protein
were also increased in the CeA from these rats (Figures 4c-e).
As TsA-induced hyperacetylation is global, we then
determined whether the TsA induction of reward sensitiza-
tion was dependent on NGF signaling in the CeA. We found
that, after bilateral CeA infusion of the Trk receptor
antagonist K252a (24ng), priming morphine could no
longer induce CPP in the TsA pre-treated rats (Figure 4f),
and so was the case after CeA infusion of DOR antagonist
NTD (0.45pg, Figure 4g). In addition, blocking Trk
also inhibited the elevated level of CeA synaptosomal
DOR protein induced by TsA pre-treatment and priming
morphine (Figure 4h).

To further support such a role of CeA NGF in reward
sensitization, we determined whether exogenously applied
NGF by itself in the CeA was sufficient to induce reward
sensitization. In naive rats pre-treated (4h before) with

Neuropsychopharmacology

bilateral CeA infusion of NGF (0.05pg/0.5ul each side),
priming morphine (1 mg/kg) induced significant CPP,
which was blocked by CeA infusion of the DOR antagonist
NTD (Figure 5a). Priming morphine was not effective on
preference behavior in naive rats pre-treated with CeA
infusion of saline, nor was the NGF pre-treatment alone in
saline-conditioned rats. Therefore, it seems that the acute
NGF in the CeA is sufficient to promote the sensitivity to
opioid reward in naive rats, substituting prior opioids to
induce reward sensitization.

Finally, we determined whether CeA NGF was able to
reinstate morphine-induced CPP. After morphine-induced
CPP was initially established and then extinct, rats in two
separate groups were bilaterally infused with NGF (0.05 pg/
0.5 pl each side) or saline into the CeA and then conditioned
in the prior morphine-paired chamber. We found that the
CeA NGF-conditioned rats, but not CeA saline-conditioned
rats, displayed significant CPP on the first and second day
after the conditioning session (Figure 5b). The infusion site
in the CeA is shown in Figure 5c.

DISCUSSION

We have shown in this study that morphing epigenetically
activates the Ngf gene through histone H4 hyperacetylation
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effects on EPSCs in CeA slices treated in vitro with the tyrosine receptor
kinase (Trk) inhibitor K252a (0.2 pM) from rats with morphine-established
CPP (c, control, 240 £ 29 pA, DPDPE, 232 £ 28 pA, n=8, p>0.05) or with
priming morphine-reinstated CPP (d, control, 22821 pA, DPDPE,
214121 pA n=7, p>005). (e f) Effects of pre-treatment with bilateral
CeA infusion of K252a (24ng) on preference behaviors in morphine-
(F(1.5y=0.65) or saline- (F(| 3=0.06) conditioned rats (e) and in saline- or
morphine-conditioned rats after CPP extinction (F( sy = 0.42) (f). Establish-
ment: F5=1041 and extinction: F(j 5= 16.71. N=4-6 rats for each
group. Summarized data are mean + SEM. **p <0.01.

and increases NGF expression in CeA neurons, resulting in
new functional DOR required for the CPP behavior and
reward sensitization. In addition, both CeA-applied NGF
and pharmacologically increased histone acetylation at the
Ngf promoter appear to be sufficient to mimic the morphine
effects in inducing functional DOR and behavior of reward
sensitization. Thus, it is likely that Ngf in the CeA is one of
the target genes activated epigenetically through histone
modifications by opioids, and activation of this NGF
signaling cascade in CeA neurons may promote behaviors
of opioid reward and drug sensitization.

Epigenetic mechanisms for gene regulation involve modi-
fications of chromatin structures in core histone proteins
and associated DNA through phosphorylation, acetylation,
methylation, and ubiquitination (Dulac, 2010; Jenuwein and
Allis, 2001; MacDonald and Roskams, 2009). Particularly,
histone acetylation reduces the electrostatic interaction
between histone proteins and DNA, thus relaxing chromatin
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Figure 4 Histone hyperacetylation induces reward sensitization through
CeA NGF signaling. (a) Preference behaviors before (pretest) and after
(posttest) conditioning with priming morphine (I mg/kg, i.p.) in naive rats
pre-treated 4 h before with bilateral CeA infusion of vehicle (n = 10 rats) or
the histone deacetylase inhibitor Trichostatin A (TsA, 2.5 pg, F(3 40, = 24.82,
n=12 rats). (b) Normalized levels of global acetylated histone H4,
acetylated H4 across the Ngf promoter region and NGF mRNA in CeA
tissues from priming morphine-conditioned rats pre-treated by CeA
infusion of vehicle or TsA as in (a). N=4-5 rats for each group. (c—e)
Western blot lanes (¢, d) and summarized data (e) of NGF protein
normalized to f-actin and synaptosomal DOR protein normalized to
synaptophysin in CeA tissues from rat groups similar to those in (a). (f, g)
Preference behaviors in priming morphine-conditioned rats pre-treated
with CeA infusion of vehicle and TsA plus the Trk antagonist K252a (24 ng,
Fei4=2452, f), or TsA plus the DOR antagonist NTD (0.45 pg,
Fi14)=15.82, g). (h) Western blots and summarized data of synaptosomal
DOR protein in CeA tissues from the two rat groups as in (f). Summarized
data are mean * SEM. *p <0.05, **p <0.01. Syn, synaptosomal; Synphsn,
synaptophysin; Veh, vehicle.

structure and making DNA more accessible to transcrip-
tional regulators for gene activation (Kouzarides, 2007;
Kurdistani et al, 2004; Strahl and Allis, 2000). An important
leap in addiction research is the recent revelation of
cocaine-induced epigenetic modulations of certain gene
activities (Robison and Nestler, 2011). Nearly all addiction
studies concerning epigenetic mechanisms have focused on
the psychomotor stimulant cocaine. The most prominently
described target gene of cocaine so far is Bdnf (encoding

Neuropsychopharmacology
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Figure 5 NGF substitutes morphine to induce reward sensitization.
(a) Preference behaviors in priming morphine-conditioned naive rats pre-
treated by CeA infusion of saline (F(; ¢y = 1.08, n =7 rats) or NGF (0.05 pg,
F(.5y=14.80, n=6 rats) or NGF plus NTD (045 ug, F(| 5 =34.25 n=6
rats), and in saline-conditioned rats (n=4) with similar CeA infusion of
saline or NGF (F(; 3y=0.08). (b) Conditioning with NGF, infused bilaterally
into the CeA (0.05 ng), reinstated prior morphine-induced CPP. After the
extinction of morphine-induced CPP (saline/morphine, Fs 5 = 9.89; NGF/
morphine, F(s35)=10.86), rats were conditioned with NGF in NGF group
(n=28) orsaline in saline group (n = 6) and then tested on the 3 days (D |-
D3) following the completion of conditioning (two-way ANOVA:
conditioning session, Fseoy=2521, p<0.001; interaction: Fseo)=7.63,
p<0.001). (c) A photomicrograph showing the infusion site in the CeA
marked by an injected dye (arrow). Scale baris | mm. Summarized data are
mean + SEM. *p <0.05, **p <0.01, ***p <0.001. Mor, morphine.
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BDNF), which is activated by cocaine-induced histone
hyperacetylation and is directly associated with addictive
behaviors of cocaine (Graham et al, 2007; Schroeder et al,
2008). However, little is known about epigenetic modula-
tions induced by addicting opioids and their target genes. In
this study, we provide several lines of evidence showing that
Ngf is an important gene epigenetically regulated by opioids
and its upregulation in the CeA may be directly linked to
the behavior of opioid reward and sensitization.

Both neurotrophins BDNF and NGF have diverse trophic
effects on structural modifications and functional plasticity
of central synapses in the adult brain (Chao and Bothwell,
2002; Poo, 2001). Recent addiction studies have revealed
BDNF as a key protein that facilitates behaviors of cocaine
addiction (Graham et al, 2007; Lu et al, 2004). However,
how BDNF promotes these addiction behaviors remains
largely unclear. In this regard, a recent study in neurons of
prefrontal cortex shows that cocaine withdrawal-induced
BDNF reduces surface expression of GABA, receptors,
thereby augmenting excitatory synaptic activity and con-
tributing to locomotor hypersensitivity in cocaine with-
drawal (Lu et al, 2010). This study in amygdala neurons
demonstrates reward-promoting effects of NGF in behav-
ioral responses to initial and subsequent opioids. Thus, it
seems that both BDNF and NGF have consistent roles in
promoting behaviors of drug addiction through functional
coordination within specific brain regions in the brain’s
reward system.

Previous reports of DOR roles in drug addiction are
inconsistent. Systemic administration of a DOR agonist
reduces cocaine self-administration in monkeys (Do Carmo
et al, 2006), whereas infusion of a DOR agonist into the
nucleus accumbens reinstates cocaine-seeking behavior in
rodents (Simmons and Self, 2009). Genetic deletion of DOR
decreases the conditioned rewarding effect of morphine
(Chefer and Shippenberg, 2009), but does not change mouse
self-administration of morphine into the ventral tegmental
area (David et al, 2008). Using a reward model with opioid-
induced new DOR function, this study shows a reward- and
sensitivity-promoting effect of CeA DOR through upregu-
lated NGF signaling, which is in line with a previous report
that systemic blockade of DOR prevents prior morphine
exposure-induced sensitization to morphine reward (Ship-
penberg et al, 2009). How DOR mediates this behavioral
effect through modulation of glutamate transmission is still
unknown. Although glutamate synaptic activity is critical in
the mechanisms of drug reward and addiction (Bie et al,
2009b; Hyman et al, 2006; Kenny et al, 2009; Zhu et al,
2007), the DOR effect may depend on dynamic release of
endogenous opioid peptides, DOR cellular locations, and
state-dependent activity of glutamate synapses.

This study provides an NGF-mediated mechanism for the
behavior of opioid-induced reward sensitization. However,
as both NGF and histone acetylation returned to baseline
levels after CPP extinction, it is likely that other long-lasting
mechanisms exist that maintain a drug-sensitized state.
Nevertheless, the current findings of reward sensitivity-
promoting effects of NGF may offer useful information on
our understanding of molecular mechanisms underlying
opioid sensitization, which is essential for the development
of clinical therapies in the treatment of drug addiction and
relapse.
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