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Abstract

Global cerebral ischemia induced by cardiac arrest usually leads to poor neurological outcomes. Numerous studies have
focused on ways to prevent ischemic damage in the brain, however clinical therapies are still limited. Our previous studies
revealed that delta opioid receptor (DOR) activation with [d-Ala2, d-Leu5] enkephalin (DADLE), a DOR agonist, not only
significantly promotes neuronal survival on day 3, but also improves spatial memory deficits on days 5-9 after ischemia.
However, the neurological mechanism underlying DADLE-induced cognitive recovery remains unclear. This study first
examined the changes in neuronal survival in the CAl region at the advanced time point (day 7) after ischemia/reperfusion (I/
R) injury and found a significant amelioration of damaged CAI neurons in the rats treated with DADLE (2.5 nmol) when
administered at the onset of reperfusion. The structure and function of CAl neurons on days 3 and 7 post-ischemia showed
significant improvements in both the density of the injured dendritic spines and the basic transmission of the impaired CA3-
CAI synapses following DADLE treatment. The molecular changes involved in DADLE-mediated synaptic modulation on days
3 and 7 post-ischemia implied the time-related differential regulation of PKCa-MARCKS on the dendritic spine structure and
of BDNF- ERK 1/2-synapsin | on synaptic function, in response to ischemic/reperfusion injury as well as to DADLE treatment.
Importantly, all the beneficial effects of DADLE on ischemia-induced cellular, synaptic, and molecular deficits were eliminated
by the DOR inhibitor naltrindole (2.5 nmol). Taken together, this study suggested that DOR activation-induced protective
signaling pathways of PKCa-MARCKS involved in the synaptic morphology and BDNF-ERK-synapsin | in synaptic transmission
may be engaged in the cognitive recovery in rats suffering from advanced cerebral ischemia.
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Abbreviations

Akt, protein kinase B; BDNF, brain-derived neurotrophic factor; DADLE (DAD), [d-Ala2, d-Leu5] enkephalin; DOR, delta
opioid receptor; ERK, extracellular regulated protein kinases; fEPSPs, field excitatory post-synaptic potentials; HPC, hypoxic
preconditioning; IGF-I, insulin-like growth factor-I; IPl, interpulse interval; I/R, ischemia/reperfusion; LTP, long-term potentia-
tion; MARCKS, myristoylated alanine-rich C kinase substrate; NRSF, neuron-restrictive silencer factor; PFA, paraformalde-
hyde; PI3 K, phosphoinositide 3 kinase; PKC, protein kinase C; PLC-vy, phospholipase C-y; PPF, paired-pulse facilitation; PPR,
paired-pulse response; TrkB, tyrosine kinase receptor B; 4-VO, four-vessel occlusion; y-Pcdhs, y-protocadherins.

Introduction

Cardiac arrest (CA) is one of the leading causes of morbidity
and mortality worldwide. In China, there are more than
230 million people with cardiovascular disease, and 550,000
individuals experience CA every year'. Although the overall
incidence of return of spontaneous circulation (ROSC) among
CA patients significantly improved over the 40-year period?,
many patients remain persistently comatose or have a poor
neurological outcome due to cerebral hypoxia®. Numerous
studies have focused on ways to prevent ischemic damage
in the brain, yet clinical therapies remain limited. Thus, there
is a critical need for basic investigations into the pathological
processes, molecular mechanisms, and potential therapeutic
strategies for ischemic disease.

The delta opioid receptor (DOR) is a G protein coupled
receptor that belongs to the opioid system. DOR is broadly
expressed in the brain, especially in the hippocampus, which
is known to contribute to learning and memory. Growing
evidence has revealed the neuroprotection of DOR in patho-
logical pain, anxiolytic effects, addiction, and Parkinson’s
disease® . In recent years, interest has grown in DOR-
mediated neuroprotection against hypoxic/ischemic injury®.
For instance, DOR activation may reduce ischemic volume
and attenuate neurological deficits in a focal ischemic model
using the non-peptidic DOR agonist Tan-67°'°. Similar neu-
roprotective effects have also been observed in global
ischemic animals by hypoxic preconditioning (HPC)"''.
Studies have shown that the neuroprotection from DOR
activation is related to the modulation of several signaling
pathways, such as brain-derived neurotrophic factor
(BDNF)-tyrosine kinase receptor B (TrkB)'2, protein kinase
C (PKC)/extracellular regulated protein kinases (ERK),"
and phosphoinositide 3 kinase (PI3 K)/protein kinase B
(Akt)'*!> These results suggest that DOR may be a potential
target for cerebral ischemia and cognitive impairment.

Evidence suggests that cerebral ischemia may be detri-
mental to the structural stability of synapses, which may
subsequently impair synaptic transmission'®. Synaptic activ-
ity can dynamically modulate protein synthesis and reorga-
nization of cytoskeletal architecture in dendritic spines,
which affects both the plasticity of the structure and the

function of the spines'’. Several important molecules have
been shown to be involved in the modulation of synaptic
plasticity, such as BDNF, an important regulator of synaptic
transmission and long-term potentiation (LTP) in the hippo-
campus, which is coupled with the activation of the Ras/
ERK, PI3K/Akt, and phospholipase C-y (PLC-y) path-
ways'®. In addition, the PKC family plays a vital role in
modulating neuronal membrane structural events. For exam-
ple, PKCa activation causes neurite outgrowth and retraction
in rat hippocampal neurons'® and other cell types’.

Our previous studies demonstrated that DOR activation
with [d-Ala2, d-Leu5] enkephalin (DADLE) improved cogni-
tion impairment, reduced neuronal death, and regulated the
activation of astrocytes in global ischemic rats*!*%. However,
the structural and functional synaptic changes in response to
ischemia/reperfusion (I/R) injury and DADLE treatment in
synaptic changes remain unexplored and the relevant mole-
cular mechanisms remain unclear. In this study, we investi-
gated the neuroprotective effects of DOR against I/R injury by
focusing on the PKC-mediated neuronal morphological
recovery and BDNF-mediated synaptic transmission
improvement in ischemic rats following DADLE treatment.

Materials and Methods
Animals

All animal experiments were performed in accordance with
the Animals Act (2006, China) and approved by the Institu-
tional Animal Care and Use Committee (IACUC approval
ID #AR201404022) of East China Normal University. Male
Sprague-Dawley rats (mean body weight 280-320 g) were
purchased from the Shanghai Laboratory Animal Center
(Shanghai, China). The rats were individually housed and
maintained on a 12 h light/dark cycle under constant tem-
perature and humidity. The animals had free access to water
and food. Efforts were made to minimize the number of
animals used and their suffering.

Global Cerebral Ischemia Model

Global ischemia was induced in rats by four-vessel occlusion
(4-VO), as described previously?'*. Briefly, the rats were
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anesthetized with 10% chloral hydrate (300 mg/kg, i.p.), and
the bilateral vertebral arteries were electrocauterized with an
electrocoagulator through the alar foramina of the first cer-
vical vertebra. Both common carotid arteries were exposed,
and a small-diameter silk thread was looped around each
carotid without interrupting blood flow to facilitate subse-
quent occlusion. The animals were anesthetized and fasted
prior to the next operation. The next day, the rats were lightly
anesthetized with ethyl ether, and the bilateral common car-
otid arteries were re-exposed. After the rats were awake, the
bilateral common carotid arteries were occluded for 10 min
with artery clamps. Reperfusion was induced by releasing
artery clamps after 10 min of ischemia. Ischemia was
ensured by monitoring the loss of the righting reflex and
bilateral pupil dilation during carotid occlusion. Sham-
operated rats underwent the same surgical procedures,
except for carotid artery occlusion. Core body temperatures
were monitored with a rectal probe and maintained at 37°C
throughout the experiment using a heating lamp.

Intracerebral Cannula and Groups

Rats were anesthetized with 10% chloral hydrate and implanted
with a cannula into the right lateral ventricle (Fig. 1), and placed
in a stereotaxic frame with a horizontal skull position. A guide
cannula was positioned using the following coordinates:
0.8 mm posterior to bregma, 1.5 mm lateral to the midline, and
3.8 mm ventral to the skull surface. All coordinates were
derived from the atlas of Paxinos and Watson®*. The guide
cannula and two stainless steel screws were anchored to the
skull using acrylic dental cement. Following at least 6 days of
recovery, the rats underwent 4-VO surgery, as described above.

A total of 120 rats were divided into four groups (n = 30 per
group): the sham group (sham procedure with intracerebroven-
tricular injection of PBS), I/R group (ischemia procedure with
intracerebroventricular injection of PBS), DADLE-treated
group (ischemia procedure with intracerebroventricular injec-
tion of DADLE), and DADLE+Naltrindole group (ischemia
procedure with intracerebroventricular injection of DADLE
and naltrindole). For drug delivery in DADLE postcondition-
ing, a total volume of 5 pl PBS or PBS containing 2.5 nmol
DADLE (Sigma, USA) or PBS containing 2.5 nmol DADLE
and 2.5 nmol Naltrindole (Sigma, USA) was administered
slowly at the onset of reperfusion.

Perfusion and Tissue Preparation

Seven days after ischemia, the rats were anesthetized with 10%
chloral hydrate and perfused transcardially with normal saline
followed by 4% ice-cold paraformaldehyde (PFA). The brains
were then removed and immediately submerged in 4% PFA
solution at 4°C overnight. The brains were dehydrated using a
sucrose gradient. The 30 pm coronal sections of the brain con-
taining the hippocampus were prepared and stored at —80°C.

Nissl Staining

Nissl staining was used to detect Nissl bodies in the cytoplasm
of neurons. Frozen sections were mounted on gelatin-coated
slides, dried at room temperature, and then placed in distilled
water for 2 min. After staining in warmed 0.5% cresyl violet
solution for 10 min, the slides were quickly rinsed with dis-
tilled water and differentiated twice in 95% ethyl alcohol for
2 min each. The slides were cleared twice in xylene, each for
5 min, mounted with neutral balsam, and then examined under
a microscope. Hippocampal neurons were counted in the mid-
dle of the linear part of eight different CA1 fields from each
animal and expressed per 1| mm of the hippocampal CAl
sector. A positive cell count was performed by an investigator
who was blinded to the treatment groups using image tool
software (Nikon NIS-Elements, USA).

Golgi Staining

Golgi impregnation method was used to visualize the den-
dritic spines of rat hippocampal neurons, according to the
manufacturer’s instructions (FD Rapid Golgi Stain Kit,
USA). Golgi staining tissues were analyzed using a light
microscope (Leica, Germany). Whole hippocampus images
were acquired in a 100x magnification lens. Dendritic
spines in CAl neurons were observed in the 1000x oil
immersion lens. Dendritic spine density was analyzed by the
number of spines on a limited length of a dendrite by two
independent investigators who were blinded to the treatment
groups. At least two dendritic segments of at least 10 um
were analyzed per CA1 neuron, and five neurons in the CAl
region of individual rats (n = 5 rats per group) were exam-
ined for dendritic spine density.

Brain Slice Preparation

Rats were anesthetized with 10% chloral hydrate and killed
by decapitation. The brain was cut into coronal slices
(370 mm thickness) containing the hippocampus with ice-
cold (4°C) and oxygenated (95% O, /5% CO,) modified
ACSF (Choline chloride 110 mM, KC1 2.5 mM, CaCl,
0.5 mM, MgSO, 7 mM, NaHCO; 25 mM, NaH,PO,
1.25 mM, D-glucose 25 mM; pH 7.4). The slices were placed
in a holding chamber containing oxygenated ACSF (NaCl
119 mM, KCI 2.5 mM, CaCl, 2.5 mM, MgSO,4 1.3 mM,
NaHCOj3 26.2 mM, NaH,PO, 1 mM, D-glucose 11 mM,;
pH 7.4) and left to recover for 1 h at 31°C before recording.
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Field Potential Recording

For field potential recording, slices were transferred to a
recording chamber with oxygenated ACSF, and the rate of
ACSF superfusion was 0.5 mL/min. A unipolar stimulating
electrode was placed in the stratum radiatum to activate the
Schaffer collateral pathway projecting to the CA1. The field
excitatory post-synaptic potentials (fEPSPs) were recorded
using a glass microelectrode filled with 0.1 M CH;COONa
(3-5 MQ). The range of the input/output curve was from 0.1
mA to 1.0 mA. Paired-pulse response (PPR) was induced by
paired-pulse simulation with interpulse intervals (IPIs) of 20,
40, 60, 80, 100, 200, 350, 400, 600, 800, and 1000 ms.
Paired-pulse facilitation (PPF) was evaluated by the ratio
of the amplitude of the second fEPSP to that of the first
fEPSP elicited by pairs of stimuli (pulse 2/pulse 1 x 100).
Synaptic responses were monitored with stimuli consisting
of constant current pulses (0.05 ms, 0.033 Hz).

Immunoblotting

The hippocampus was rapidly isolated and protein concen-
trations were determined using a BCA detection kit. Equal
amounts of protein were separated by 10-12% SDS-PAGE
and electrotransferred onto a PVDF membrane. After block-
ing with 5% skim milk, the membranes were incubated with
primary antibodies against BDNF (1:100, Santa Cruz Bio-
technology), p-ERK1/2, PKCa, B-actin, GAPDH (1:1000,
Cell Signaling Technology), p-synapsin I, phospho-
myristoylated alanine-rich C kinase substrate (p-
MARCKS, 1:1000, Signalway Antibody), PKCe, PKCy
(1:1000, Proteintech Group) overnight at 4°. Following incu-
bation with the secondary antibodies for 2 h at room tem-
perature, the membranes were scanned using a Bio-Rad gel
imaging system.

Statistical Analysis

All analyses were performed using GraphPad Prism 7 (San
Diego, CA, USA). Values are expressed as the mean +
SEM. Multiple data sets were analyzed using one-way anal-
ysis of variance (ANOVA) followed by Tukey’s multiple
comparisons test. A two-way repeated measures ANOVA
was used for the input-output curve and paired-pulse facil-
itation analysis. Differences were considered significant at
P < 0.05 (indicated by *).

Results
Survival of Hippocampal Neurons

As an extension of our previously work that showed DADLE
treatment could significantly promote neuronal survival fol-
lowing 3 days of I/R injury, we assessed the neuronal pro-
tection of the DOR agonist in the hippocampus of rats after
7 days of I/R treatment. The results showed distinct neuronal
death in the CA1 region in the I/R group compared with the

sham group. DADLE treatment significantly rescued the
neuronal loss compared to the I/R group, while the protective
roles were abolished by the addition of naltrindole, a DOR
inhibitor, as shown in the DAD+Nal group (Fig. 2).

Morphological Plasticity of Hippocampal Neurons

To better explain the protective effects of DADLE on
ischemic neurons, the changes in morphology of the CAl
neurons on days 3 and 7 post-ischemia were further exam-
ined. As indicated by Golgi staining assays, the dendritic
spines of CA1 neurons markedly decreased in the I/R group
compared to the sham group, and significantly increased by
DADLE treatment in the rats on day 3 (Fig. 3) and day 7
(Fig. 4) after ischemia. In contrast, the DADLE-induced
morphology recovery was faded in the DAD+Nal group
(Fig. 3, 4).

Transmission Plasticity of Hippocampal Neurons

We previously found that DADLE can rescue the cognitive
impairments of rats after 5-9 days of I/R injury®', and given
the fact that the delta opioid peptide can significantly
improve neuronal morphological plasticity in the rats, par-
ticularly on day 7 after ischemia as described above, we
continued to find out if there might be a connection of these
results with the changes in synaptic plasticity of the hippo-
campal neurons at a matched time point, that is, on day 7
post-ischemia. Basal synaptic transmission in the CA3-CAl
synapses of the hippocampus was measured by in vitro elec-
trophysiological recording. Significant differences were
observed in the input-output curves (Fig. 5A) and PPR (Fig.
5B) between I/R and DAD-treated groups of rats, and the
beneficial effects of DADLE on the transmission plasticity
were eliminated by the addition of Naltrindole, as evident in
the DAD+Nal group (Fig. 5). These results suggest that, in
addition to its role in morphological plasticity, DADLE-
induced DOR activation affects basal synaptic transmission,
thereby contributing to cognitive recovery in rats with a
prolonged I/R injury.

PKCoa/p-MARCKS Signaling in Response to the
Morphological Plasticity of Hippocampal Neurons

To explore the molecular mechanism underlying the effects
of DADLE on dendritic spine morphology (Figs. 3, 4), hip-
pocampal PKCa/e/y and p-MARCKS were detected on days
3 and 7 post-ischemia. Although no changes were found in
PKCe/y (Fig. 6B, C), the PKCu levels had increased signif-
icantly in the rats on day 3, but decreased on day 7 after
ischemia compared to the sham rats (Fig. 6A), suggesting
that the specific subtype of PKC family plays different roles
in global ischemia, but on the other hand, a differential
endogenous PKCa response to various stages of I/R damage.
Such changes in PKCu levels on days 3 and 7 post-ischemia
were all reversed by DADLE treatment, which could be



Zhang et al

A

Sham I/IR

g

g

1004

Number of Nissl staining neurons
in CA1 sector (1mm)

o
I

DAD+Nal

DAD-treated

@ Sham

- R

@  DAD-treated
DAD+Nal

Figure 2. The effects of DADLE treatment in hippocampal neurons on day 7 after global ischemia. The represent images of hippocampal
neurons in sham, I/R, DAD-treated and DAD+Nal group. In the CAl region, marked neuronal loss was observed in the I/R group and the
DAD+Nal group compared with the sham group. Neuronal survival was significantly increased in the DAD-treated group compared to I/R
group. (Upper panel: 40 x magnification; Lower panel: 400x magnification; N = 5 per group)

subsequently reversed by naltrindole (Fig. 6A). As a primary
target of protein kinase C implicated in synapse formation
and maintenance, the phosphorylation of MARCKS
appeared to be coordinately influenced by changes in PKCa.
The levels of p-MARCKS in the I/R group of rats were
downregulated on day 3 and upregulated on day 7 after I/R
injury (Fig. 6D). DADLE treatment exhibited a significant
inhibitory effect on the phosphorylation of this protein in the
DAD-treated group of rats on day 3 or day 7 post-ischemia,
and the inhibitory roles of DADLE could be counteracted
by naltrindole (Fig. 6D). These results suggest that DOR-
mediated PKCo/p-MARCKS signaling might play an impor-
tant role in the morphological plasticity of hippocampal
neurons suffering from global ischemia.

BDNF/p-ERK I /2/p-Synapsin | Signaling in Response to
the Transmission Plasticity of Hippocampal Neurons

To reveal the molecular responses underlying the beneficial
effects of DOR activation on the synaptic transmission
against I/R damage as shown in Fig. 5, hippocampal BDNF
and its downstream signaling coordinators such as ERK1/2
and synapsin [ were examined in the rats after 3 and 7 days of

I/R injury, respectively. The results showed that BDNF
expression was mildly elevated in the I/R group of rats on
day 3, but was suppressed on day 7 post-ischemia as com-
pared with the sham rats, indicating a time-related decline of
the intrinsic adaptive function of this neurotrophic protein as
I/R injury was prolonged (Fig. 7A). Remarkably, the levels
of hippocampal BDNF increased significantly in the DAD-
treated rats compared to the I/R rats on day 3 or day 7 post-
ischemia, and the stimulating effects of DADLE on BDNF
could be counteracted by naltrindole (Fig. 7A). Accordingly,
the expression of p-ERK1/2 and p-synapsin I was altered in
response to BDNF activity. The data showed that p-ERK1/2
levels were all reduced in the I/R rats, both on days 3 and
7 post-ischemia, which appeared to be neutralized in the rats
with DADLE treatment (Fig. 7B). Such up-regulating roles
of DADLE in mediating p-ERK1/2 activities were counter-
acted by naltrindole (Fig. 7B). The changes in p-synapsin [
expression also exhibited a time-related interaction in the I/R
rats of the ischemic insult with the endogenous defensive
responses, showing an increase in its expression level on day
3 and a decrease in its expression on day 7 post-ischemia,
which was reversed in the rats with DADLE treatment, and
remained unchanged in the DAD+Nal group of rats, as
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Figure 3. The morphological changes of dendritic spines in hippocampal neurons on day 3 after global ischemia. (A) The Golgi stain results
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represent images of dendritic spines in CAl neurons on day 3 after global ischemia (1000x magnification). (C) The quantitative analysis of
spine density in CAl neurons on day 3 after global ischemia. (N = 5 per group). *P < 0.05. **P < 0.01.
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Figure 4. The morphological changes of dendritic spines in hippocampal neurons on day 7 after global ischemia. (A) The Golgi stain results
of hippocampal neurons on day 7 after global ischemia. Red circles represent CAl region. (100x magnification; N = 5 per group). (B) The
represent images of dendritic spines in CAl neurons on day 7 after global ischemia (1000x magnification). (C) The quantitative analysis of
spine density in CAl neurons on day 7 after global ischemia. (N = 5 per group). *P < 0.05. **P < 0.01. **P < 0.001.
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Figure 5. The changes of synaptic transmission in hippocampus on
day 7 after global ischemia. (A) Input-output curve in the hippo-
campal slices on day 7 after global ischemia (N = 8 slices/4 rats). (B)
Paired-pulse response in hippocampal slices on day 7 after global
ischemia (N = 8 slices/5 rats).

compared with the rats in the I/R group (Fig. 7C). These
results suggest that DOR activation could functionally mod-
ulate the pro-survival signaling pathway, that is, BDNF/p-
ERK1/2/p-synapsin I, with particular implications for
improving transmission plasticity against prolonged global
ischemic injury.

Discussion

The damaging events in global ischemic injury include acute
injury (such as excitotoxicity and free radical injury) and
prolonged damage (such as edema and inflammation), even-
tually leading to neuronal death after days of ischemia .
DADLE, a DOR agonist, has been proven to have therapeu-
tic effects in stroke and many other neurological disorders
including epilepsy, spinal cord injury, and neurodegenera-
tive diseases such as Alzheimer’s and Parkinson’s disease,
with poorly understood mechanisms®. In this study, we
showed that DADLE-induced DOR activation promoted
CA1 neuronal survival and astrocytic activation on day 7
post-ischemia (Fig. 2, S1). These results were similar to our
previous findings in rats with 3 days of I/R injury®, which
further revealed that spatial memory defects were alleviated
in rats with prolonged ischemic insult until day 9*'. These
findings were also similar to a previous report by Gao et al.,

in which DOR activation by hypoxic preconditioning atte-
nuated the loss of CAl neurons in the asphyxial cardiac
arrest rat on day 7 of restoration'', suggesting that DOR
activation-mediated neuroprotection would be long-lasting
in combating ischemia-induced neuronal death.

Global ischemia may induce a progressive decrease in
CALI synapses and a rapid increase in perforated synapses®
and may also lead to increased presynaptic [Ca*"]; and
depressed evoked fEPSPs®’. This suggests that DADLE-
mediated alleviation of ischemia-induced memory defects
may largely be attributed to recovery of synaptic morphol-
ogy and function. Thus, we investigated synaptic alterations,
both morphologically and functionally, of hippocampal neu-
rons in rats on days 3 and 7 after ischemia with or without
DADLE treatment. The results showed that DOR activation
could significantly ameliorate not only the impaired synaptic
structures, as evidenced by the increase in the density of
dendritic spines (Figs. 3 and 4), but also damaged CA3-
CA1 synaptic transmission, as indicated by the increase in
fEPSP amplitude and PPR (Fig. 5). These results provide
compelling evidence that suggests a synaptic mechanism
of the action of DADLE-mediated DOR activation towards
the amelioration of learning and memory in rats with global
ischemia that we reported previously?'.

Given the fact that the PKC and its substrate MARCKS
signaling axis play crucial roles in the maintenance of den-
dritic spine morphology, we then detected the expression of
PKC family and the status of MARCKS phosphorylation at
both day 3 and 7 post-ischemia, based on the finding that
neurons and astrocytes may have differential alterations at
these two time points®®. We found that 3-day ischemic stress
resulted in an increase in PKCa but not PKCe/y, while a
decrease in p-MARCKS (Fig. 6), and DADLE treatment
resulted in differential inhibition of PKCa and a further
decline in MARCKS phosphorylation (Fig. 6A, D). This
result suggested that ischemia-induced acute excitotoxicity
activated downstream detrimental PKC signaling that was
counteracted by DADLE treatment, and the reduced p-
MARCKS we observed might be an endogenous protective
action against ischemia, and the protective action was further
strengthened by DADLE treatment. The response patterns of
PKCa-MARCKS signaling were distinguishable on day 7
from that on day 3 post-ischemia, in which ischemia-
induced PKCo declined while p-MARCKS increased, and
the changes were all reversed by DADLE treatment (Fig. 6A,
D), indicating that as the ischemic insult was prolonged, the
detrimental effects of p-MARCKS became more severe and
could be restored by DADLE-induced DOR activation. Pre-
vious studies have shown that MARCKS can be phosphory-
lated by PKC, leading to spine shrinkage or collapse®.
Similarly, abnormal phosphorylation of MARCKS by over-
activated PKC initiates synapse pathology in the early stage
of Alzheimer’s disease®, and reduces synaptic complexity
in cortical neurons with loss of the 22 y-protocadherins
(y-Pcdhs)®'. In contrast, MARCKS dephosphorylation was
found to be involved in neurite outgrowth in neuroblastoma
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Figure 6. DOR activation with DADLE decreased p-MARCKS via PKCa, not PKCely, after global ischemia. Western blot analysis of PKCa
(A)/e (B)y (C), p-MARCKS (D) expression in rat hippocampus on day 3(left) and day 7(right) after global ischemia. (N = 3 per group) *P < 0.05.

P < 0.01. ¥*P < 0.001.

cells via bradykinin treatment’” and insulin-like growth
factor-I (IGF-I) stimulation®®. Collectively, these results
suggest that the neuronal PKCa-MARCKS signaling axis
is closely involved in the maintenance of dendritic spine
morphology and synapse integrity, and their activities, such
as phosphorylation or dephosphorylation of MARCKS, need
to be properly regulated when the central nervous system
encounters an insult. Furthermore, there is evidence that
alleviation of ischemic insult by OR activation is possibly
through reduced PKC expression®**, and the ubiquitination
degradation of MARCKS may be involved in rapid ischemic
tolerance following ischemic preconditioning®. The differ-
ential changes in PKCa and p-MARCKS on day 3 and day 7
post-ischemia and DADLE treatment found in this study
further suggest that PKC and MARCKS may go beyond a
simple kinase-substrate relationship®’. Although PKCe/y has
also been reported to participate in neuroprotection in a focal
ischemic mode 1°** the expression of PKCe/y did not
change in the DADLE-treated group, suggesting that
PKCao/e/y plays different roles in global and focal ischemic
rats, and p-MARCKS may be associated, at least in part, with
PKCua, but not PKCe/y, in response to DOR neuroprotection
against I/R insult. Clearly, the PKC family is subjected to

complex regulation, not only by simple changes in protein
content. The unique mechanisms between PKC subtypes
warrant further investigation. The above results implied that
PKCa/p-MARCKS signaling might be involved in the mor-
phological improvement of ischemic synapses treated by
DADLE-induced DOR activation.

BDNF-induced LTP was reported to be required for ERK
activation in the rat hippocampus*’. BDNF and its down-
stream signaling are also involved in the neuroprotective
effects of (-)-phenserine against focal ischemic insult*'. It
has been documented that synapsin I may act as a down-
stream player in BDNF-mediated synaptic formation via
ERK signaling*?, and that phosphorylation of synapsin I is
involved in the release of neurotransmitters in synaptic trans-
mission®. To understand the possible interaction between
DOR activation and BDNF signaling underlying the anti-
ischemic effects of DADLE on synaptic transmission, we
examined the changes in hippocampal BDNF and down-
stream components such as ERK1/2 and synapsin I in the
rats on days 3 and 7 post-ischemia and DADLE treatment.
The results showed that BDNF expression had a mild
increase on day 3 and a decrease on day 7 post-ischemia,
and its expression levels at both time points post-ischemia
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had all increased following DADLE treatment (Fig. 7A).
Concordantly, p-ERK1/2 expression decreased significantly
in the ischemic rats and was restored by DADLE treatment
(Fig. 7B). Similar to PKCa-MARCKS signaling as described
above, the changes in BDNF on day 3 post-ischemia
appeared to be an endogenous adaptive reaction to the
ischemia-induced excitotoxicity, which in turn faded out
on day 7 post-ischemia. In contrast, the expression of p-
ERK1/2 remained lower, indicating an inhibition of the
pro-survival signaling pathways that might promote neuro-
nal death and thereby be detrimental to hippocampal

synaptic transmission (Fig. 5). Furthermore, the differential
changes of p-synapsin I in response to ischemic insults as
well as DADLE treatment were in accordance with those of
BDNF-p-ERK1/2. As shown in Fig. 7C, p-synapsin I was
significantly increased on day 3 and reduced on day 7 post-
ischemia, suggesting a cross-talk of this protein with the
coexisting endogenous defense featured by the mild induc-
tion of BDNF and the neuronal deterioration characterized
by the reduction of p-ERK1/2 at an earlier stage of ischemic
insult (day 3) and a consequence responsible for the func-
tional inhibition of both BDNF and ERK1/2 at the advanced
stage of ischemic damage (day 7). Identical to the changes in
BDNF-ERK1/2 signaling as described above, the differential
expression of p-synapsin I was also functionally rescued by
DADLE (Fig. 7C). Thus, our data provide preliminary evi-
dence that BDNF/p-ERK1/2/p-synapsin I signaling may be
involved in the impairment of hippocampal synaptic trans-
mission and contribute to cognitive dysfunction in prolonged
(up to day 7) ischemia-reperfusion injury. Meanwhile, the
prolonged detrimental effects of cerebral ischemia were all
counteracted by DADLE treatment, while all of these phar-
macological efficacies of DADLE were eliminated by Nal-
trindole (Figs. 5, 7), indicating that DOR activation may be
responsible for BDNF/p-ERK1/2/p-synapsin I signaling
pathway-mediated neuronal transmission recovery from
cognitive decline in rats with cerebral ischemia.

In summary, the present study demonstrated that DOR
activation-induced protective signaling pathways of PKCo-
MARCKS in synaptic morphology and BDNF-ERK-
synapsin I in synaptic transmission toward cognitive
recovery in ischemic rats. It is still worth considering the
coordination of both signaling pathways, rather than merely
individual ones, in improving synaptic structure and/or func-
tion. Indeed, several lines of evidence have revealed that
PKCu facilitates synaptic plasticity with the help of BDNF
signaling®, suggesting that DADLE-induced upregulation
of PKCa on day 7 post-ischemia may also be associated with
BDNF signaling (Fig. 6A). The PKC/ERK signaling path-
way has also been implicated in DOR neuroprotection in an
in vitro model*’, suggesting the possibility that DADLE-
induced elevation of PKCo and BDNF may participate in
the activation of ERK1/2 on day 7 post-ischemia (Figs. 6A,
7). These findings indicate an interaction between PKCu-
MARCKS and BDNF-ERK-synapsin I in protecting synap-
tic plasticity against cerebral ischemia.

Author Contributions

GMZ, ZLL, and LLG carried out experiments and wrote the manu-
script. ZLW, HFC, YZL, and KJX carried out experiments and
analyzed experimental results. MZ and YLD assisted with data
analysis. YSW, ZZ, and JZ designed and instructed experiments.
All authors contributed to and approved the final manuscript.

Ethics approval

This study was approved by the Institutional Animal Care and Use
Committee of East China Normal University.



Cell Transplantation

Statement of Human and Animal Rights

All experiments involving animals were performed in accordance
with Animals Act (2006, China) and approved by the Institutional
Animal Care and Use Committee of East China Normal University
(AR201404022).

Statement of Informed Consent

There are no human subjects in this article and informed consent is
not applicable.

Declaration of Conflicting Interests

The author(s) declared no potential conflicts of interest with respect
to the research, authorship, and/or publication of this article.

Funding

The author(s) disclosed receipt of the following financial support
for the research, authorship, and/or publication of this article: This
work was supported in part by grants from the National Natural
Science Foundation of China (81301122 to SW, 31171019 to ZZ,
and 81470829 to JZ), the Key projects of Science and Technology
Committee of Changning District, Shanghai (CNKW2017Z01 to
GZ) and an opening grant from Key Laboratory of Brain Functional
Genomics (ECNU), Ministry of Education (JZ).

ORCID iDs
Zelin Lai (® https://orcid.org/0000-0002-5781-4780

Yale Duan © https://orcid.org/0000-0001-5166-4091
Shuyan Wang [ https://orcid.org/0000-0002-5960-367X

Supplemental Material

Supplemental material for this article is available online.

Reference

1. Xu F, Zhang Y, Chen Y.Cardiopulmonary resuscitation train-
ing in china: current situation and future development. JAMA
Cardiol 2017;2(5):469-470.

2. Yan S, Gan Y, Jiang N, Wang R, Chen Y, Luo Z, Zong Q, Chen
S, Lv C. The global survival rate among adult out-of-hospital
cardiac arrest patients who received cardiopulmonary resusci-
tation: a systematic review and meta-analysis. Crit Care 2020;
24(1):61.

3. Sanganalmath SK, Gopal P, Parker JR, Downs RK, Parker JC
Jr., Dawn B. Global cerebral ischemia due to circulatory arrest:
insights into cellular pathophysiology and diagnostic modal-
ities. Mol Cell Biochem. 2017;426(1-2):111-127.

4. Klenowski P, Morgan M, Bartlett SE. The role of delta-
opioid receptors in learning and memory underlying the
development of addiction. Br J Pharmacol 2015;172(2):
297-310.

5. Yadlapalli JSK, Dogra N, Walbaum AW, Wessinger WD,
Prather PL, Crooks PA, Dobretsov M.Evaluation of analgesia,
tolerance, and the mechanism of action of morphine-6-o-sulfate
across multiple pain modalities in Sprague-Dawley rats. Anesth
Analg. 2017;125(3):1021-1031.

6. HuangJZ,Ren Y, Xu Y, Chen T, Xia TC, Li ZR, Zhao JN, Hua
F, Sheng SY, Xia Y. The delta-opioid receptor and Parkinson’s
disease. CNS Neurosci Ther 2018;24(12):1089—-1099.

11.

12.

13.

14.

16.

17.

18.

20.

. Sugiyama A, Yamada M, Saitoh A, Nagase H, Oka JI, Yamada

M. Administration of a delta opioid receptor agonist KNT-127
to the basolateral amygdala has robust anxiolytic-like effects in
rats. Psychopharmacology (Berl). 2018;235(10):2947-2955.

. He X, Sandhu HK, Yang Y, Hua F, Belser N, Kim DH, Xia Y.

Neuroprotection against hypoxia/ischemia: delta-opioid
receptor-mediated cellular/molecular events. Cell Mol Life
Sci. 2013;70(13):2291-2303.

. Min JW, Liu Y, Wang D, Qiao F, Wang H. The non-peptidic

delta-opioid receptor agonist Tan-67 mediates neuroprotection
post-ischemically and is associated with altered amyloid pre-
cursor protein expression, maturation and processing in mice. J
Neurochem. 2018;144(3):336-347.

. Tian X, Guo J, Zhu M, Li M, Wu G, Xia Y. delta-Opioid

receptor activation rescues the functional TrkB receptor and
protects the brain from ischemia-reperfusion injury in the rat.
PLoS One. 2013;8(7):¢69252.

Gao CJ, Niu L, Ren PC, Wang W, Zhu C, Li YQ, Chai W, Sun
XD. Hypoxic preconditioning attenuates global cerebral
ischemic injury following asphyxial cardiac arrest through reg-
ulation of delta opioid receptor system. Neuroscience. 2012;
202:352-362.

Sheng S, Huang J, Ren Y, Zhi F, Tian X, Wen G, Ding G, Xia
TC, Hua F, Xia Y. Neuroprotection against hypoxic/ischemic
injury: delta-opioid receptors and BDNF-TrkB pathway. Cell
Physiol Biochem. 2018;47(1):302-315.

Ma MC, Qian H, Ghassemi F, Zhao P, Xia Y. Oxygen-sensitive
{delta}-opioid receptor-regulated survival and death signals:
novel insights into neuronal preconditioning and protection. J
Biol Chem. 2005;280(16):16208-16218.

Dou MY, Wu H, Zhu HJ, Jin SY, Zhang Y, He SF. Remifen-
tanil preconditioning protects rat cardiomyocytes against
hypoxia-reoxygenation injury via delta-opioid receptor
mediated activation of PI3K/Akt and ERK pathways. Eur J
Pharmacol. 2016;789:395-401.

. Zhu M, Liu M, Guo QL, Zhu CQ, Guo JC. Prolonged DADLE

exposure epigenetically promotes Bel-2 expression and elicits
neuroprotection in primary rat cortical neurons via the PI3K/
Akt/NF-kappaB pathway. Acta Pharmacol Sin. 2018;39(10):
1582-1589.

Nikonenko AG, Radenovic L, Andjus PR, Skibo GG. Struc-
tural features of ischemic damage in the hippocampus. Anat
Rec (Hoboken). 2009;292(12):1914-1921.

Nakahata Y, Yasuda R.Plasticity of spine structure: local sig-
naling, translation and cytoskeletal reorganization. Front
Synaptic Neurosci. 2018;10:29.

Leal G, Comprido D, Duarte CB. BDNF-induced local protein
synthesis and synaptic plasticity. Neuropharmacology. 2014;
76(Pt C):639-656.

. Korulu S, Yildiz-Unal A, Yuksel M, Karabay A. Protein kinase

C activation causes neurite retraction via cyclinD1 and p60-
katanin increase in rat hippocampal neurons. Eur J Neurosci.
2013;37(10):1610-1619.

Talman V, Amadio M, Osera C, Sorvari S, Boije Af Gennas G,
Yli-Kauhaluoma J, Rossi D, Govoni S, Collina S, Ekokoski E,
Tuominen RK, et al. The C1 domain-targeted isophthalate


https://orcid.org/0000-0002-5781-4780
https://orcid.org/0000-0002-5781-4780
https://orcid.org/0000-0002-5781-4780
https://orcid.org/0000-0001-5166-4091
https://orcid.org/0000-0001-5166-4091
https://orcid.org/0000-0001-5166-4091
https://orcid.org/0000-0002-5960-367X
https://orcid.org/0000-0002-5960-367X
https://orcid.org/0000-0002-5960-367X

Zhang et al

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

derivative HMI-1b11 promotes neurite outgrowth and GAP-43
expression through PKCalpha activation in SH-SYSY cells.
Pharmacol Res. 2013;73:44-54.

Wang S, Duan Y, Su D, Li W, Tan J, Yang D, Wang W, Zhao
Z, Wang X.Delta opioid peptide [D-Ala2, D-Leu5] enkephalin
(DADLE) triggers postconditioning against transient forebrain
ischemia. Eur J Pharmacol. 2011;658(2-3):140-144.

Wang SY, Duan YL, Zhao B, Wang XR, Zhao Z, Zhang GM.
Effect of delta opioid receptor activation on spatial cognition
and neurogenesis in cerebral ischemic rats. Neurosci Lett.
2016;620:20-26.

Duan YL, Wang SY, Zeng QW, Su DS, Li W, Wang XR, Zhao
Z.Astroglial reaction to delta opioid peptide [D-Ala2, D-Leu5]
enkephalin confers neuroprotection against global ischemia in
the adult rat hippocampus. Neuroscience. 2011;192:81-90.
Paxinos G, Watson CR, Emson PC. AChE-stained horizontal
sections of the rat brain in stereotaxic coordinates. J Neurosci
Methods. 1980;3(2):129-149.

Grant Liska M, Crowley MG, Lippert T, Corey S, Borlongan
CV. Delta opioid receptor and peptide: a dynamic therapy for
stroke and other neurological disorders. Handb Exp Pharmacol.
2018;247:277-299.

Kovalenko T, Osadchenko I, Nikonenko A, Lushnikova I, Vor-
onin K, Nikonenko I, Muller D, Skibo G. Ischemia-induced
modifications in hippocampal CAl stratum radiatum excita-
tory synapses. Hippocampus 2006;16(10):814-825.

Jalini S, Ye H, Tonkikh AA, Charlton MP, Carlen PL. Raised
intracellular calcium contributes to ischemia-induced depres-
sion of evoked synaptic transmission. PLoS One. 2016;11(3):
¢0148110.

Yasuda Y, Shimoda T, Uno K, Tateishi N, Furuya S, Tsuchi-
hashi Y, Kawai Y, Naruse S, Fujita S. Temporal and sequential
changes of glial cells and cytokine expression during neuronal
degeneration after transient global ischemia in rats. J Neuroin-
flammation. 2011;8:70.

Calabrese B, Halpain S. Essential role for the PKC target
MARCKS in maintaining dendritic spine morphology. Neuron.
2005;48(1):77-90.

Tagawa K, Homma H, Saito A, Fyjita K, Chen X, Imoto S, Oka
T, Ito H, Motoki K, Yoshida C, Hatsuta H, et al. Comprehensive
phosphoproteome analysis unravels the core signaling network
that initiates the earliest synapse pathology in preclinical Alz-
heimer’s disease brain. Hum Mol Genet. 2015;24(2):540-558.
Garrett AM, Schreiner D, Lobas MA, Weiner JA. gamma-
protocadherins control cortical dendrite arborization by regulat-
ing the activity of a FAK/PKC/MARCKS signaling pathway.
Neuron. 2012;74(2):269-276.

Tanabe A, Shiraishi M, Negishi M, Saito N, Tanabe M, Sasaki
Y. MARCKS dephosphorylation is involved in bradykinin-
induced neurite outgrowth in neuroblastoma SH-SYSY cells.
J Cell Physiol. 2012;227(2):618-629.

Shiraishi M, Tanabe A, Saito N, Sasaki Y. Unphosphorylated
MARCKS is involved in neurite initiation induced by insulin-

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

like growth factor-I in SH-SYSY cells. J Cell Physiol. 2006;
209(3):1029-1038.

LiuY,LiJ, YangJ, JiF, Bu X, Zhang N, Zhang B. Inhibition of
PKCgamma membrane translocation mediated morphine
preconditioning-induced neuroprotection against oxygen-
glucose deprivation in the hippocampus slices of mice. Neu-
rosci Lett. 2008;444(1):87-91.

Yang L, Shah K, Wang H, Karamyan VT, Abbruscato TJ.
Characterization of neuroprotective effects of biphalin, an
opioid receptor agonist, in a model of focal brain ischemia. J
Pharmacol Exp Ther. 2011;339(2):499-508.

Meller R, Thompson SJ, Lusardi TA, Ordonez AN, Ashley
MD, Jessick V, Wang W, Torrey DJ, Henshall DC, Gafken
PR, Saugstad JA, et al. Ubiquitin proteasome-mediated synap-
tic reorganization: a novel mechanism underlying rapid
ischemic tolerance. J Neurosci. 2008;28(1):50-59.
Yamamoto K, Seki T, Yamamoto H, Adachi N, Tanaka S, Hide
1, Saito N, Sakai N. Deregulation of the actin cytoskeleton and
macropinocytosis in response to phorbol ester by the mutant
protein kinase C gamma that causes spinocerebellar ataxia type
14. Front Physiol. 2014;5:126.

Hayashi S, Ueyama T, Kajimoto T, Yagi K, Kohmura E, Saito
N. Involvement of gamma protein kinase C in estrogen-
induced neuroprotection against focal brain ischemia through
G protein-coupled estrogen receptor. J Neurochem. 2005;
93(4):883-891.

Guo C, Wang S, Duan J, JiaN, Zhu Y, Ding Y, Guan Y, Wei G,
Yin Y M, Wen A. Protocatechualdehyde protects against cere-
bral ischemia-reperfusion-induced oxidative injury via protein
kinase cepsilon/Nrf2/HO-1 pathway. Mol Neurobiol 2017;
54(2):833-845.

Ying SW, Futter M, Rosenblum K, Webber MJ, Hunt SP, Bliss
TV, Bramham CR. Brain-derived neurotrophic factor induces
long-term potentiation in intact adult hippocampus: require-
ment for ERK activation coupled to CREB and upregulation
of Arc synthesis. J Neurosci 2002;22(5):1532-1540.

Chang CF, Lai JH, Wu JC, Greig NH, Becker RE, Luo Y, Chen
YH, Kang SJ, Chiang YH, Chen KY. (-)-Phenserine inhibits
neuronal apoptosis following ischemia/reperfusion injury.
Brain Res. 2017;1677:118-128.

Marte A, Messa M, Benfenati F, Onofri F. Synapsins are down-
stream players of the bdnf-mediated axonal growth. Mol Neu-
robiol. 2017;54(1):484-494.

Bykhovskaia M. Synapsin regulation of vesicle organization
and functional pools. Semin Cell Dev Biol. 2011;22(4):
387-392.

Colgan LA, Hu M, Misler JA, Parra-Bueno P, Moran CM,
Leitges M, Yasuda R. PKCalpha integrates spatiotemporally
distinct Ca(2+) and autocrine BDNF signaling to facilitate
synaptic plasticity. Nat Neurosci. 2018;21(8):1027-1037.
Zhu M, Li M, Yang F, Ou X, Ren Q, Gao H, Zhu C, Guo J.
Mitochondrial ERK plays a key role in delta-opioid receptor
neuroprotection against acute mitochondrial dysfunction. Neu-
rochem Int. 2011;59(6):739-748.



	Delta Opioid Receptor Activation with Delta Opioid Peptide Enkephalin Contributes to Synaptic Improvement in Rat Hippocampus against Global Ischemia
	Introduction
	Materials and Methods
	Animals
	Global Cerebral Ischemia Model
	Intracerebral Cannula and Groups
	Perfusion and Tissue Preparation
	Nissl Staining
	Golgi Staining
	Brain Slice Preparation
	Field Potential Recording
	Immunoblotting
	Statistical Analysis

	Results
	Survival of Hippocampal Neurons
	Morphological Plasticity of Hippocampal Neurons
	Transmission Plasticity of Hippocampal Neurons
	PKC&alpha;/p-MARCKS Signaling in Response to the Morphological Plasticity of Hippocampal Neurons
	BDNF/p-ERK1/2/p-Synapsin I Signaling in Response to the Transmission Plasticity of Hippocampal Neurons

	Discussion
	Author Contributions
	Ethics approval
	Statement of Human and Animal Rights
	Statement of Informed Consent
	Declaration of Conflicting Interests
	Funding
	ORCID iDs
	Supplemental Material
	Reference



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 266
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 175
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50286
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 266
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 175
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50286
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 900
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 175
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50286
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (U.S. Web Coated \050SWOP\051 v2)
  /PDFXOutputConditionIdentifier (CGATS TR 001)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /CreateJDFFile false
  /Description <<
    /ENU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 9
      /MarksWeight 0.125000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
  /SyntheticBoldness 1.000000
>> setdistillerparams
<<
  /HWResolution [288 288]
  /PageSize [612.000 792.000]
>> setpagedevice


