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Editorial on the Research Topic

Cerebrovascular and Neurodegenerative Diseases - New Insights into Molecular Cell Biology
and Therapeutic Targets

There is a significant gap in our understanding of the molecular and cellular biology of
cerebrovascular and neurodegenerative diseases to identify new therapeutic targets and develop
diagnostic tools to better understand the disease progression and treatment. The cellular and
molecular events linking cerebrovascular pathology and neurodegeneration are also not fully
understood. The research articles and review papers published in this topic aim at a multifaceted
approach to evaluating recent progress in our understanding some of the underlying molecular
mechanisms of disease process and potential therapeutics targeting these diseases. Here we
summarize the contributing articles to our topic conveying the aim of the pertaining research.
The articles in this Research Topic highlight the challenges inspiring future research to address
some of the questions and to exploit new opportunities for development of novel therapeutics for
cerebrovascular and neurodegenerative diseases.

Smith-Dijak et al. studied the effects of pridopidine, a drug that enhances brain derived
neurotrophic factor (BDNF) signaling through stimulation of the sigma-1 receptor (S1R) and SIR
agonist, in cortical neurons obtained from a mouse model of Huntington disease (HD). Several
pathways implicated in synaptic functions are dysregulated in HD, including BDNF and calcium
signaling. The data provide evidence for restoration of synaptic plasticity that maintain the stability
of neuronal and synaptic function required for new learning and cognitive function. The results
suggest a potential new direction for developing therapy to mitigate cognitive deficits in HD and
may provide new avenues for neuroinflammation-related disorders treatment.

Agouni et al. provided a comprehensive analysis of circulating extracellular vesicles (EVs) from
vascular wall, blood, and immune cells in transient ischemic attacks (TIA) and acute ischemic
stroke (AIS) patients from Southeast Asia and the Middle East. This study showed that EVs of
various origins, especially those associated with endothelial cell injury and platelet activation,
are increased in TIA and AIS patients. The levels of EV continue to be high for up to 30-days
post-attacks indicating a sustained cellular activation, which may be associated with an increased
risk of recurrence of acute events in this population.

D’Angelo et al. carried out a review on antiphospholipid syndrome (APS) and multiple
sclerosis (MS). APS and MS are both considered as anti-lipid autoimmune diseases with specific
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pathophysiological mechanisms and events. Isolated neurological
APS represents a significant diagnostic challenge, as
epidemiological, clinical, and neuroimaging features may
overlap with those of MS. The review draws attention to the
clinical relevance of diagnosing isolated neurological APS and
suggests that prompt and accurate diagnosis and treatment of
APS with anti-aggregant and anticoagulant could be vital to
prevent or reduce APS-related morbidity and mortality.

Wei et al. examined the cellular mechanisms mediating the
neuroprotective effects of Homerla, a short form of a scaffold
protein, which is upregulated in rat cortical neurones following
oxygen and glucose deprivation (OGD) mimicking ischemia-
reperfusion (I/R) injury. The results showed that overexpression
of Homerla reduced OGD-induced lactate dehydrogenase
(LDH) release, cell death, and mitochondrial dysfunctions in
cultured cortical neurons. Homerla also protects against OGD-
induced injury by preserving mitochondrial function through
inhibiting the protein kinase R-like endoplasmic reticulum
kinase (PERK) pathway. In addition, mitochondrial protection
of Homerla was blocked by the ER stress activator tunicamycin
(TM) suggesting that Homerla may be a promising target of
protecting neurons from cerebral injury.

Yang et al. examined the effect of cyclooxygenase
(COX2)/prostaglandin D2 (PGD2)-related autophagy on
brain injury in diabetic rats suggesting that the COX2-PGD2
pathway is a potential therapeutic target for diabetic brain injury.

Xu et al., reported that low-moderate ethanol consumption
may prevent ischemic stroke and reduce brain cerebral
ischemia/reperfusion injury (I/R) by suppressing inflammation,
whereas heavy alcohol consumption may induce ischemic stroke
and worsen brain I/R injury by aggravating inflammation.

He et al. found that smilagenin, a steroidal sapogenin from
traditional Chinese medicinal herbs, can have neuroprotective
effect on dopaminergic neurons in a chronic mouse model of
Parkinson’s disease (PD) suggesting that this drug could prevent
the impairment of dopaminergic neurons in PD.

Zhang et al. demonstrated that Naringenin (NAR), a
grapefruit flavonoid promoted microglia M1/M2 polarization,
thus conferring anti-neuroinflammatory effects via the inhibition
of mitogen-activated protein kinase (MAPK) signaling
activation. These findings provide new alternative avenues
for neuroinflammation-related disorders treatment.

Hao et al. showed that heterozygous loss of activin receptor-
like kinase 1 (Alkl) can lead to hereditary hemorrhagic
telangiectasia, which is a vascular disease characterized by direct
connections between arteries and veins leading to arteriovenous
malformations (AVMs). The results of the study suggest that
AlKk1 induces the formation of sporadic human cerebral AVMs
through affecting migration and proliferation of endothelial cells
combined with vascular endothelial growth factor A.

Li et al. developed a flow cytometry protocol to identify
microglia and monocyte-derived macrophages from mouse
intracerebral hemorrhagic (ICH) stroke model induced by
collagenase or blood injection. The authors also combined
magnetic-activated cell separation system that allows eight
tissue samples to be assessed together. This protocol represents
a very important tool for biological functions of microglial

and monocyte-derived macrophage in ICH stroke and related
brain diseases.

Jin et al., showed that glucose-regulated protein (GRP78) a
chaperone protein located in the endoplasmic reticulum (ER)
is involved in the neuroglial response to neurotoxic insult in
rats induced by mitochondrial toxin 3-nitropropionic acid (3-
NP), which selectively damages striatal neurons. These data
provide novel insights into the phenotypic and functional
heterogeneity of GRP78-positive cells within the lesion core
and the involvement of GRP78 in the activation/recruitment
of activated microglia/macrophages and blood-brain-barrier
impairment in response neurotoxic insult.

Song et al. reported that the knock down of myosin
light chain kinase, a key enzyme in smooth muscle cell
contraction, in human brain smooth muscle cells (SMCs)
caused effects similar to those observed in cultured SMCs
from intracranial aneurysm patients. These results indicate
that myosin light chain kinase plays an important role in
maintaining smooth muscle contractility, cell survival and
inflammation tolerance and is crucial to the normal function of
intracranial arteries.

Hoyk et al. showed elevated serum triglyceride levels, changes
in functional and morphological gene expressions and blood
brain barrier dysfunction in transgenic mice overexpressing
the human APOB-100 protein, a mouse model of human
atherosclerosis suggesting that these transgenic mice could be a
useful model to study the link between cerebrovascular pathology
and neurodegeneration.

Yu et al. reported that injection of hydroxysafflor yellow A
(HSYA), a major active chemical component of the safflower
via carotid artery improves cognitive impairment and synaptic
plasticity in a rat model of stroke induced by middle cerebral
artery occlusion.

Chen et al. showed that Gap19, a selective Connexin 43 (Cx43)
-hemi -channel inhibitor, produces neuroprotective effects in
cerebral ischemia/reperfusion injury induced by middle cerebral
artery occlusion in mice via suppression of Cx43 and Toll-like
receptor 4 (TLR4) mediated signaling pathways.

Chang et al. developed a new in vitro cerebral micro-
bleed model to study the interactions between brain endothelial
cells and red blood cells exposed to oxidative stress. Their
findings demonstrate that erythrophagocytosis mediated by
the brain endothelial monolayer and the passage of iron-rich
hemoglobin and RBC, may be involved in the development of
cerebral microbleeds that are not dependent on disruption of
the microvasculature.

Faustino-Mendes et al. reviewed the current experimental
models of immature ischemic brain and highlighted the need for
new multifactorial experimental models to attain more efficient
therapies to treat this complex vascular condition and related
long-term conditions.

Chen et al. showed that the compound 22a, a promising
neuroprotective compound derived from tetramethylpyrazine
and widely used as active ingredient of traditional Chinese
medicine, effectively prevented glutamate-induced excitotoxicity
in cerebellar granule cells (CGNs) via involvement of the
PI3K/Akt and PGCla/Nrf2 pathways suggesting that this
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compound might be useful in preventing neuronal death from
ischemic stroke.

Du et al. tested a hypothesis that chemokine interleukin
(IL) eight released by astrocytes and C-X-C motif chemokine
receptor 1 (CXCR1) in neurons are involved in neuronal
apoptosis induced by methamphetamine (METH), a widely
abused illicit drug, which can cause dopaminergic neuron
apoptosis and astrocyte-related neuroinflammation. The results
suggest that CXCR1 may be a potential target for METH-induced
neurotoxicity therapy.

Luetal., aimed to explore the protective effects of rosuvastatin,
a 3-hydroxymethyl-3-methylglutaryl coenzyme A (HMG-CoA)
reductase inhibitor, against haemorrhagic transformation (HT)
after recombinant tissue plasminogen activator (rt-PA) treatment
in a mouse model of experimental stroke. The beneficial effects
are related to inhibition of the inflammation-related nuclear
factor kappa B (NF-kB) and mitogen-activated protein kinase
(MAPK) pathways.

Wang et al. showed that mild ER stress (“preconditioning”)
induced by tunicamycin (TM), can alleviate LPS-induced
astrocytic activation and BBB disruption. Their findings
provide a better understanding for the regulatory role of
ER stress in neuroinflammation and indicate that mild ER
stress might have therapeutic value for the treatment of
neurodegenerative diseases.

Yang et al., found that adapentpronitrile, a new adamantane-
based dipeptidyl peptidase-IV (DPP-IV) inhibitor significantly
ameliorated neuronal injury and decreased amyloid precursor
protein (APP) and amyloid beta (AP) expression in the
hippocampus and cortex of rat model of diabetes fed with high
fat diet. These authors showed that adapentpronitrile protected
against diabetic neuronal injury by inhibiting mitochondrial
oxidative stress and the apoptotic pathway.

Jang et al. reported intrastriatal injection of adeno-associated
viral vector serotype DJ containing N171-82Q mutant huntingtin
(HTT) gene to juvenile mice produced Huntington’s disease
(HD)-like symptoms including mutant HTT aggregation,
neurodegeneration, and Neuroinflammation. The authors
suggested that this model will a useful tool to better understand
neuropathological mechanisms of HD and develop new
therapeutics for this disease.

Hao et al. established a stable method for the isolation of
endothelial cells (ECs) from human cerebral arteriovenous

malformation tissues, which play an important role in
the manifestation and development of cerebral vascular
malformation as well as haemorrhagic stroke and
thrombogenesis. The protocol can also be adapted for other
vascular diseases.

He et al. demonstrated that rosuvastatin treatment
significantly increased neurite outgrowth in cortical neurons
after oxygen-glucose deprivation (OGD)-induced damage,
reduced the generation of reactive oxygen species, protected
mitochondrial function and elevated the ATP levels via Notchl
pathway. These findings highlight Notch1 signaling as important
player and novel therapeutic target in promoting brain plasticity.

In summary, the present Research Topic encompassed
several cutting-edge techniques and models for investigating
the cellular and molecular mechanisms of cerebrovascular
dysfunction and neurodegeneration. Together, they provide a
framework for understanding the way some of the diseases
progress and potential pathways for therapeutic interventions.
We acknowledged that collection of articles in a single topic
cannot deal with this extremely vast subject characterized
by complex conditions such as cerebrovascular dysfunction
and neurodegeneration. The topics addressed, however, help
developing clear ideas, not only in terms of recent studies
but also the unmet needs for future research in these
areas. We trust that the papers assembled in this Research
Topic will prove useful in encouraging and stimulating
future progress in research related to cerebrovascular and
neurodegenerative diseases.
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Neurogenesis, especially neurite outgrowth is an essential element of neuroplasticity
after cerebral ischemic injury. Mitochondria may supply ATP to power fundamental
developmental processes including neuroplasticity. Although rosuvastatin (RSV) displays
a potential protective effect against cerebral ischemia, it remains unknown whether
it modulates mitochondrial biogenesis and function during neurite outgrowth. Here,
the oxygen-glucose deprivation (OGD) model was used to induce ischemic injury. We
demonstrate that RSV treatment significantly increases neurite outgrowth in cortical
neurons after OGD-induced damage. Moreover, we show that RSV reduces the
generation of reactive oxygen species (ROS), protects mitochondrial function, and
elevates the ATP levels in cortical neurons injured by OGD. In addition, we found
that, under these conditions, RSV treatment increases the mitochondrial DNA (mtDNA)
content and the mRNA levels of mitochondrial transcription factor A (TFAM) and
nuclear respiratory factor 1 (NRF-1). Furthermore, blocking Notch1, which is expressed
in primary cortical neurons, reverses the RSV-dependent induction of mitochondrial
biogenesis and function under OGD conditions. Collectively, these results suggest that
RSV could restore neurite outgrowth in cortical neurons damaged by OGD in vitro,
by preserving mitochondrial function and improving mitochondrial biogenesis, possibly
through the Notch1 pathway.

Keywords: cortical neurons, neurite outgrowth, cerebral ischemia, rosuvastatin, mitochondria, notch1

INTRODUCTION

Stroke is one of the leading causes of long-term disability and death worldwide and affects the
patients’ emotional, mental and physical health (Thampy and Pais, 2016). Neurogenesis including
the regulation of neurite outgrowth is believed to be vital as a mechanism of neuroplasticity after
cerebral ischemic injury (Kitamura et al., 2009; Lin and Sheng, 2015). Therefore, targeting neurite
outgrowth represents a prospective therapeutic strategy for stroke patients.

Neurite outgrowth is a developmental process that requires a heavy energy supply,
provided by the mitochondria (Mattson and Partin, 1999). However, the disruption of oxygen
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and glucose supply, which is caused by stroke and mimicked
by the in vitro oxygen-glucose deprivation (OGD) model, can
produce a large number of reactive oxygen species (ROS) and
lead to the depletion of cellular ATP (Rousset et al., 2015).
Mitochondria are highly dynamic organelles and continually
undergo biogenesis, fission and fusion (Anne Stetler et al,
2013). Maintaining a proper mitochondrial function depends
on correct mitochondrial biogenesis (Sbert-Roig et al., 2016).
Numerous studies have shown that mitochondrial dysfunction,
especially regarding biogenesis, plays a crucial role in ischemic
injury (McLeod et al., 2005; Gutsaeva et al., 2008). Therefore,
identifying pharmacological agents that preserve mitochondrial
functions and promote neurite outgrowth against cerebral
ischemic injury might be an ideal therapeutic strategy.

Statins are structural analogs of the 3-hydroxy-3-
methylglutaryl coenzyme A (HMG-CoA), the substrate of
HMG-CoA reductase, and have been used as potent cholesterol-
lowering drugs for the treatment of hypercholesterolaemia and
coronary heart disease (Stein, 2002; Rader, 2003). Many studies
have shown that statins reduce stroke incidence and improve
its outcome (Bosel et al., 2005). The role of statins in neurite
outgrowth has been proposed by previous studies (Jin et al,
2012; Métais et al., 2015). Rosuvastatin (RSV) is considered as
one of the most effective statins and is able to ability to form
multiple polar covalent bonds with the HMG-CoA reductase. In
mice, RSV was shown to have a neuroprotective effect following
cerebral ischemia. Accumulating evidence suggests that statins
decrease the oxidative phosphorylation capacity and membrane
potential of mitochondria, thus impairing their function
(Broniarek and Jarmuszkiewicz, 2016), However, a recent
study reported that, in the kidneys of wild type C57BL/6 male
mice, RSV increases the protein levels of Sirtl and PGC-1a,
two key players in mitochondrial biogenesis (Corsetti et al.,
2014). Nevertheless, it is not completely clear whether RSV
modulates mitochondrial function and biogenesis during neurite
outgrowth.

The Notch pathway constitutes one of the most
well-conserved developmental pathways throughout evolution.
It controls both cell proliferation and apoptosis and is crucial
for intercellular interactions in human development as well as in
disease (Artavanis-Tsakonas et al., 1999; Bi and Kuang, 2015).
A lot of attention has been paid to understanding how this
pathway regulates cellular metabolism. Notchl, a well-studied
protein, plays a significant role in this pathway (Kageyama et al.,
2007). Recent studies have shown that the Notchl pathway
regulates mitochondrial fusion (Kasahara et al, 2013), but
also affects their function (Basak et al., 2014), indicating that
Notchl is crucial in mitochondrial metabolism. Furthermore,
the activation of Notchl modulates the expression of important
mitochondria-localized metabolic pathway proteins (Basak et al.,
2014). Additionally, a previous study reported that Notchl may
exert a negative effect on neurite outgrowth (Berezovska et al.,
1999). However, whether Notchl mediates the protective effect
of RSV on neurite outgrowth following ischemic injury is still
not clear.

Based on this evidence, this study was designed to
investigate the role of mitochondrial function and biogenesis

in RSV-induced neurite outgrowth. We also attempted to
determine the role of Notch1 in promoting the effects of RSV, in
order to further elucidate the potential mechanism of its action.

MATERIALS AND METHODS

The experimental protocols were conducted in accordance with
guidelines approved by the Animal Experimentation Ethics
Committee of Hebei Medical University.

Primary Cortical Neuron Culture and OGD
Cortical neurons were obtained from the brains of embryonic day
15-18 (E15-18) C57BL/6 mice (Vital River Laboratory Animal
Technology Co. Ltd., Beijing, China). The cerebral cortex was
dissected and incubated at 37°C, for 15 min, in Hibernate-E
solution (Sigma, Ronkonkoma, NY, USA), supplemented with
papain (2.0 mg/ml, Sigma, Ronkonkoma, NY, USA). Then,
the cortical tissues were neutralized and dissociated into single
cells in Neurobasal medium containing 2% B-27 supplement
(Invitrogen, Carlsbad, CA, USA) and 0.5 mM glutamine (Life
Technologies, Carlsbad, CA, USA). Cells were plated at a density
of 2 x 10° cells/cm? onto culture dishes, which had been
coated with poly-L-lysine (Biocoat, BD Biosciences, San Jose, CA,
USA), and grown in the same medium in a humidified 5% CO,
incubator at 37°C. In the present study, OGD was used to induce
ischemia. To initiate ischemia, we used the same incubator in
combination with a Hypoxic Workstation (gas mixture of 0.1%
02, 94.9% N2 and 5% COz, 370(:).

Drug Application

Neurons were pre-exposed to OGD conditions for 1 h and
subsequently treated with different concertrations of RSV
(0.5, 5, or 50 wM) for 48 h. Cells not treated with RSV or
OGD served as a negative control. To evaluate the effect of
Notchl on mitochondrial function and biogenesis, a potent and
specific inhibitor of the Notchl pathway, DAPT, N-[N-(3,5-
difluorophenacetyl)-L-alanyl]-S-phenylglycinet-butyl ester, was
added to the medium at 10 wM (in 0.1% dimethyl sulfoxide;
Sigma, USA), 30 min before the RSV treatment.

Neurite Outgrowth Assay

After 48 h of drug application, primary cortical neurons were
fixed with 4% paraformaldehyde for 20 min and then processed
for immunocytochemistry. Briefly, neurons were incubated
with the mouse monoclonal anti-B-III-tubulin antibody (Tuj-1,
1:500, Sigma, USA) overnight at 4°C, followed by the donkey
anti-mouse IgG, FITC-conjugated secondary antibody (1:200,
CWBIO, China) for 1 h at 37°C. Stained cells were imaged
with an upright fluorescence microscope (Olympus, Japan).
The length of the longest neurite of a Tuj-1-positive cell and
the total neurite length per cell were measured using Image]
software. Approximately 60 Tuj-1-positive cells per condition
were measured.

Measurement of Mitochondrial Membrane

Potential (MMP)
The Mitochondrial Membrane Potential (MMP) of cortical
neurons in different conditions was measured by using the JC-1
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assay kit (Beyotime, China), according to the manufacturer’s
instructions. In brief, after the described treatments, neurons
were collected and incubated with JC-1 staining solution
(5 pg/mL) for 20 min at 37°C. Cells were then rinsed twice
with JC-1 staining buffer and centrifuged at 600x g at 4°C for
15 min. The cells were resuspended with JC-1 staining buffer and
the fluorescence intensity was detected using a monochromator
microplate reader (Tecan, Switzerland). Fluorescence images
were also obtained in green or red channels using an upright
fluorescence microscope (Olympus, Japan). The fluorescence
at 529 (green) and 590 (red) nm was measured using the
monochromator microplate reader. The ratio of red to green
fluorescence in different conditions was normalized to the
respective one in the control condition, which was considered to
have 100% MMP, and plotted graphically. Data were presented
as percent of control.

Measurement of ROS

Intracellular ROS levels were quantified with the ROS assay
kit (Beyotime, China) as previously reported (He et al,
2017). In brief, cortical neurons were incubated with 10 puM
2,7-dichlorofluorescein diacetate (DCF-DA) for 1 h at 37°C
in the dark and then resuspended in PBS. Intracellular ROS
production indicated by the fluorescence intensity of the
probe 2,7-dichlorodihydro-fluorescein diacetate (H,DCF-DA)
was detected using a luminescence spectrometer with the
excitation source set at 488 nm and the emission one at 525 nm.
The values obtained at various conditions were expressed as the
percentage change compared to the control condition.

Detection of Cellular ATP Levels

The cellular ATP levels were determined using an ATP assay kit
according to the manufacturer’s instructions (Beyotime, China).
Luminesence was measured with a monochromatic microplate
reader (Tecan, Switzerland). Data were presented as percentages
compared to the control condition.

Mitochondrial DNA (mtDNA) Quantification
Total DNA from cortical neurons was extracted using the
DNeasy Blood and Tissue kit (Qiagen, Germantown, MD, USA)
according to previous reports (Tian et al., 2017). Mitochondrial
DNA (mtDNA) copy number was measured by real-time PCR
using an ABI 7500 real-time PCR system (Applied Biosystems,
Foster, CA, USA) with the SYBR Green detection method. The
relative mtDNA copy number was determined by comparison
to nuclear DNA (rRNA 18S). The primers for mtDNA were as
follows: forward: 5'-AACACGA TCAGGCAACCAAA-3/, and
reverse: 5-GGTAGCGGGTGAGTTGTCAG-3'. The primers for
rRNA 18S were: forward: 5'-GGACAGCGGGTGAGTTGTCA-
3’, and reverse: 5’-ACCTTCGTTATCGGAATACC-3'.

Quantitative Real-Time PCR

Quantitative real-time PCR (qRT-PCR) was performed
according to previous reports (Dai et al, 2014; He et al,
2016). Briefly, total RNA was isolated from cortical neurons
using Trizol reagent (Invitrogen, Carlsbad, CA, USA). Reverse
transcription was carried out using the First-strand cDNA

synthesis kit (Fermentas International Inc., Burlington, Canada)
and the ¢cDNA was amplified by a real-time PCR system
(Applied Biosystems, Carlsbad, CA, USA) in the presence of a
fluorescent dye (SYBR Green I, CWBIO). The relative abundance
of specific mRNAs was calculated after normalization with the
glyceraldehyde 3-phosphate dehydrogenase mRNA. The samples
were tested in triplicates. Primers for all QRT-PCR experiments
were listed as follows:

NREF-1: forward: 5'-GAGTGACCCAAACCGAACA-3,
reverse: 5'-GGAGTTGA GTATGTCCGAGT-3;
forward: 5'-GGTGTATGAAGCGGATTT-3/,
reverse: 5 -CTTTCTTCTTTAGGCGTTT-3;
forward: 5'-AAGGTGAAGGTCGGAGTCAA-3,

reverse: 5 -AATGAAGGGGTCATTGATGG-3'.

TFAM:

GAPDH:

Statistical Analysis

Statistical analysis was performed using SPSS version 16.0. All
data were presented as mean £+ SEM. One-way analysis of
variance (ANOVA) was performed for comparisons among
groups, and SNK-q test was used for post hoc multiple
comparisons. *p < 0.05 was considered to be statistically
significant.

RESULTS

RSV Restores Neuritogenesis in Cortical
Neurons Damaged by OGD

First, we examined the effect of RSV on the neurite outgrowth
of cortical neurons under OGD. As shown in Figures 1A,B,
neurons under OGD showed a remarkable decrease in neurite
outgrowth (27.86 £ 5.11 pm, n = 60), compared to control
cells (43.84 £ 7.15 pm, n = 60, p < 0.005). On the other hand,
the treatment with different concentrations of RSV (0.5, 5, or
50 wM), for a period of 48 h after OGD injury, resulted in a
significant recovery of neurite outgrowth. Compared with the
OGD-treated cells (27.86 £ 5.11 pm), the length of the longest
neurite was 30.25 £ 5.60 pm (n = 60, p = 0.016), for neurons
treated with 0.5 uM RSV, 37.36 &+ 6.55 pum, for those treated
with 5 pM RSV (n = 60, p < 0.005), and 34.24 £+ 7.02 pm,
for those treated with 50 wM RSV (n = 60, p < 0.005). The
fold change in the total neurite length between the untreated
OGD-exposed cells and the treated ones with 0.5, 5 and 50 pM
of RSV was 1.15, 1.65 and 1.44, respectively (n = 60, p < 0.005,
Figure 1C). These results indicated that RSV could effectively
improve neuritogenesis in cortical cells, previously injured by
OGD. We chose 5 .M RSV to carry out subsequent experiments,
considering that this concentration demonstrated the highest
potential in inducing neurite outgrowth compared with the one
of 0.5 (n = 60, p < 0.005) or 50 uM (n = 60, p < 0.005).

RSV Preserves Mitochondrial Function in

Cortical Neurons under OGD

We next investigated the involvement of mitochondrial function
in RSV-induced neurite outgrowth. Indicators of mitochondrial
function were assessed in primary cortical neurons exposed to
RSV under OGD conditions. Exposure of neurons to OGD for
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FIGURE 1 | Effect of rosuvastatin (RSV) on neurite outgrowth in cultured cortical neurons. Neurons were pre-exposed to oxygen-glucose deprivation (OGD) for 1 h
and subsequently treated with or without RSV for 48 h. Cells were stained with anti-B-Ill-Tubulin (Tuj-1) antibody. (A) Representative images of Tuj-1-positive neurons
(green) in different conditions. Scale bar represents 10 pm. (B) Quantitative analysis of the length of the longest neurite. Results are presented as the mean + SEM.
*p < 0.05, **p < 0.005, n = 60 per condition. (C) Quantitative analysis of the total neurite length per cell. Results are presented as the mean + SEM. *p < 0.05,
***p < 0.005, n = 60 per condition.

1 h resulted in dissipation of the MMP (n = 6, p < 0.005) and  decreased mtDNA content, whereas RSV treatment abrogated

an increase in ROS production (n = 6, p < 0.005). On the other  this effect (n = 6, p < 0.005; Figure 3A).

hand, the treatment of cells with RSV, counteracted these effects. Mitochondrial transcription factor A (TFAM) and

The MMP recovered (n = 6, p < 0.005; Figures 2A,B) and  nuclear respiratory factor 1 (NRF-1) are major regulators

ROS accumulation was significantly reduced (n = 6, p < 0.005;  of mitochondrial biogenesis. Therefore, we measured the

Figure 2C), in comparison to untreated OGD-exposed cells.  expression of these factors, using qRT-PCR (Figures 3B,C).

The above-mentioned results suggest that RSV can reverse the  The results showed that RSV treatment after OGD exposure

mitochondrial dysfunction, induced by OGD. significantly increased the mRNA expression of TFAM and
NRF-1 (n =6, p < 0.05; Figures 3B,C).

RSV Elevates the Energy Metabolism of

Primary Cultured Neurons Suppressed by Notch1 Mediates the Protective Effect of

OGD RSV on Mitochondrial Function and

As mitochondria are the main source of energy generation, we BiogeneSiS in Cortical Neurons EXposed to
detected ATP levels, to assess the energy metabolism of primary QGD

cultured neurons. RSV significantly reversed the decrease in  Based on our finding that RSV preserved the mitochondrial
cellular ATP levels, which was observed following exposure to  function in primary cultured neurons exposed to OGD, we
OGD (n = 6, p < 0.005; Figure 2D). These results indicate that  explored whether Notchl was involved in this process. The
RSV can increase the energy metabolism, impaired by OGD. release of the Notch intracellular domain (NICD) is widely used
. . . . as a marker for Notchl pathway activation. In our study, we
RSV Promotes Mitochondrial Biogenesis examined NICD expression via immunocytochemical analysis.
after OGD Exposure We found that NICD was expressed in cortical neurons, exposed
To determine whether the altered mitochondrial function and  to OGD, which suggested that endogenous Notchl might be
energy metabolism are related to mitochondrial biogenesis, activated upon neuronal injury and mediate OGD remodeling.
we also estimated the mtDNA content in different conditions  In these conditions, we found that RSV treatment increased the
(Figure 3A). The results showed that OGD exposure significantly ~ expression of NICD (Figure 4A; data not shown). Next, we used
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FIGURE 2 | Effects of RSV on mitochondrial function and ATP levels in cortical neurons exposed to OGD. Cells were exposed to OGD and incubated with the
indicated concentrations of RSV. (A) Mitochondrial membrane potential (MMP) as determined using the JC-1 assay. Scale bar represents 20 um. (B) MMP as
determined using the JC-1 assay kit in different conditions (control, OGD-exposed and OGD-exposed plus RSV). The results are expressed as the mean + SEM.
**p < 0.005, n = 6 per group. (C) Measurement of reactive oxygen species (ROS) generation in different conditions (control, OGD-exposed, and OGD-exposed plus
RSV). Results are expressed as the mean + SEM. ***p < 0.005, n = 6 per group. (D) ATP production measured in different conditions (control, OGD-exposed and
OGD-exposed plus RSV). Results are expressed as the mean + SEM. ***p < 0.005, n = 6 per condition.
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FIGURE 3 | Effect of RSV on mitochondrial biogenesis in cortical neuron cultures. Cells were pre-exposed to OGD for 1 h and subsequently treated with or without
RSV for 48 h. (A) Mitochondrial DNA (mtDNA) content measurements. Results are expressed as the mean &+ SEM. *p < 0.05, *p < 0.01, **p < 0.005, n = 6 per
condition. (B,C) mRNA expression of mitochondrial transcription factor A (TFAM) (B) and nuclear respiratory factor 1 (NRF-1; C) as measured using quantitative
real-time PCR. Data are shown as the mean + SEM. *p < 0.05, **p < 0.01, **p < 0.005, n = 6 per condition.

the Notchl pathway inhibitor DAPT to assess mitochondrial — decreased ATP levels (n = 6, p < 0.05; Figure 4D). Therefore,
function. Compared to the RSV-treated OGD-exposed cells, inhibition of the Notchl pathway reverts the effects of RSV, at
DAPT partially reduced MMP (n = 6, p < 0.005; Figure 4B), least to a certain extent. We also explored whether DAPT could
boosted ROS production (n = 6, p < 0.05; Figure 4C), and  affect mitochondrial biogenesis in primary cultured neurons
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FIGURE 4 | Notch1 pathway is involved in the beneficial effects of RSV on neuronal function and mitochondrial biogenesis under OGD conditions. (A) Double
immunofluorescence staining for anti-Notch intracellular domain (NICD) and anti-B-Ill-Tubulin (Tuj-1) antibodies. NICD (red), a marker for activation of

Notch1 pathway, is expressed in Tuj-1-positive neurons (green) and its expression is increased in OGD-exposed cells treated with RSV compared to non-treated
cells. (B-D) Effect of DAPT, a specific inhibitor of the Notch1 pathway, on the RSV-induced improvement of mitochondrial function as assessed by measuring MMP
(B), ROS levels (C), and ATP levels (D). Data are presented as mean + SEM. *p < 0.05, **p < 0.01, **p < 0.005, n = 6 per condition. (E-G) Effect of DAPT on
RSV-induced mitochondrial biogenesis as assessed by measuring mtDNA (E) and the mRNA levels of TFAM (F) and NRF-1 (G). Data are presented as
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exposed to OGD. Compared to the RSV-treated cells, DAPT
partialy decreased the mtDNA content (n = 6, p < 0.01;
Figure 4E) and reduced the mRNA levels of TFAM (n = 6,
p < 0.05; Figure 4F) and NRF-1 (n = 6, p < 0.01; Figure 4G).
Additional, we did the following experiments whether DAPT
itself had detrimental effects. The length of the longest neurite,
total neurite outgrowth per cell, MMP, ROS, ATP, mtDNA,
TFAM and NRF-1 were detected. The data were shown in
the supplementary data. The results showed that there were
no signifcant diferences in the length of the longest neurite,
total neurite outgrowth per cell, MMP, ROS, ATP, mtDNA,
TFAM and NRF-1 between OGD+DAPT and OGD group
(see Supplementary Figures S1-S3 in Supplementary Data),
suggesting that DAPT itself has no detrimental effects.

DISCUSSION

In this present study, we demonstrated that RSV restores
neuritogenesis in primary cortical cells damaged by OGD. This
action is possibly mediated by the improvement in mitochondrial
function and biogenesis. Furthermore, we also elucidated that
Notchl is crucial for these RSV-dependent effects. To the best
of our knowledge, this is the first report to provide evidence
for the effect of RSV on cortical neuritogenesis following OGD
and the involvement of Notchl in RSV-induced mitochondrial
biogenesis and functional improvement.

Statins act as inhibitors of the HMG-CoA reductase and have
been extensively used for the treatment of hypercholesterolemia
(Kahveci et al., 2014). Numerous studies have reported that
statins may have neuroprotective properties, as demonstrated
by the reduction of the affected region following focal
cerebral ischemia and the protection of cortical neurons from
excitotoxicity (Asahi et al., 2005; Bosel et al., 2005). Recent
studies have shown that treatment of cortical neurons, cultured
under OGD/reoxygenation conditions, with RSV, a novel
HMG-CoA reductase inhibitor, was neuroprotective for the
cells (Savoia et al., 2011). RSV exerts considerable protective
effects on neural tissue against oxidative damage after spinal
cord ischemia/reperfusion injury, improves cognitive functions
in rats with diazepam-induced amnesia, and preserves long-term
memory (Yavuz et al,, 2013). Our results demonstrated that RSV,
at a concentration of 5 wM, shows the maximum effects on
enhancing neuritogenesis in cortical neurons exposed to OGD.

Neurite outgrowth is an energy-consuming process that
primarily depends on mitochondria. Mitochondria may play
a crucial role in controlling neuroplasticity, including neurite
extension (Mattson, 2007; Cheng et al., 2010). It has been
reported that modulating mitochondrial function may impact
neurite outgrowth (Habash et al., 2015). Furthermore, impaired
mitochondrial function may disturb neuroplasticity following
stroke (Cheng et al, 2010). Additionally, mitochondria may
influnce the generation of ROS (Onyango et al., 2011), whose
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accumulation, caused by ischemia, could disrupt MMP and
funcion. Damaged mitochondria can, in turn, generate more
ROS (Bai et al, 2017). In this study, we found that the
effects of RSV on neurite outgrowth correlated with improved
mitochondrial function, as indicated by elevated MMP and ATP
levels, as well as decreased ROS generation. These results suggest
that mitochondrial function may be, at least in part, involved in
RSV-induced neurite outgrowth.

Mitochondrial biogenesis is a highly regulated process, which
occurs continuously in healthy cells and is crucial for cellular
adaptation (Nikoletopoulou and Tavernarakis, 2014). Recent
evidence has suggested a subtle link between mitochondrial
biogenesis and neurological disorders (Mandemakers et al.,
2007). Mitochondrial biogenesis has been found to counteract
the detrimental effects of oxidative stress and has been
suggested as a novel target of the repair mechanism (Cheng
et al, 2010; Habash et al., 2015). In vitro studies have also
suggested that impaired biogenesis contributes to the reduction
of mitochondrial function after cerebral ischemia (Wang et al.,
2014); however, its enhancement may reduce ischemic brain
injury (Valerio et al., 2011). Although previous studies have
indicated that RSV might impair mitochondrial function and
biogenesis (Broniarek and Jarmuszkiewicz, 2016), our results
show that RSV treatment restores the OGD-induced mtDNA loss
in cortical neurons. TFAM and NRF-1 play an important role
in the initiation of mtDNA replication and the transcription of
mitochondrial encoded genes (Campbell et al., 2012). Therefore,
we measured the mRNA levels of TFAM and NRF-1 in neurons
exposed to OGD and treated with or without RSV. Our results
revealed that RSV treatment significantly increased the mRNA
levels of these factors. Collectively, our findings indicate that
the RSV-induced neurite outgrowth against OGD exposure
can be partially explained by the improved mitochondrial
function and their enhanced biogenesis. Recent studies have
provided convincing evidence that RSV exerts its protective
effect by decreasing ROS levels, inhibiting the opening of
the mitochondrial permeability transition pore, and promoting
mitochondrial biogenesis (Corsetti et al., 2014; Liu et al., 2017).
Nonetheless, further studies will be required to determine the
exact mechanism of RSV effects on mitochondria.

The Notch pathway plays a vital role in the regulation
of cell proliferation, self-renewal and differentiation, and is
involved in several disorders of the central nervous system
(Lundqvist et al, 2013). A previous study suggested that
this pathway could regulate neurite outgrowth (Sestan et al,
1999; Levy et al, 2002). It also has been reported that
Notchl influences neurite morphology, and can activate its
native signal transduction pathway in postmitotic neurons.
Beyond neurogenesis, Notchl plays a physiologically vital role
in the central nervous system (Berezovska et al., 1999). In two
recent studies, using M1 macrophages or cell lines in vitro, the
Notchl pathway was shown to enhance mtDNA transcription,
ATP levels, and mitochondrial function (Basak et al., 2014; Xu
et al, 2015). In addition, two statins, namely atorvastatin and
simvastatin, have been shown to exert their effects, following
stroke, through Notch signaling; the first, by increasing cell
proliferation in the subventricular zone (Chen et al., 2008) and

the second, by promoting arteriogenesis (Zacharek et al., 2009).
Thus, we hypothesized that the Notchl pathway was implicated
in the regulation of RSV-induced mitochondrial biogenesis and
function in cortical neurons. Our results show that, under
OGD conditions, Notchl signaling is active in primary cortical
neurons and that its inhibition reverses the positive effects of
RSV treatment on mitochondrial biogenesis and function. These
results suggest that this pathway may, at least partially, contribute
to the RSV-induced mitochondrial function and biogenesis
in cortical neurons in vitro, which may represent a potent
therapeutic strategy to promote brain plasticity after ischemic

injury.
CONCLUSION

The present study has demonstrated that RSV promotes neurite
outgrowth in primary cortical neurons, thus shielding them
against OGD. RSV seems to be vital in preserving mitochondrial
function and improving mitochondrial biogenesis and these
effects are, at least in part, mediated by the Notchl pathway.
These findings highlight Notchl signaling and mitochondria as
important players and novel therapeutic targets in promoting
brain plasticity.
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FIGURE S1 | Effect of DAPT-only treatment on neurite outgrowth in primary
cultured cortical neurons under oxygen-glucose deprivation (OGD).

(A) Quantitative data of the longest neurite length of cultured cortical neurons.
Results were presented as mean + SEM. ns, non-significant, n = 60 per
condition. (B) Quantitative data of total neurite length per cell. Results were
presented as mean + SEM. ns, non-significant, n = 60 per condition.

FIGURE S2 | Effect of DAPT-only treatment on mitochondrial function and
ATP levels in cortical neurons exposed to OGD. (A) Mitochondrial membrane
potential (MMP) was determined using JC-1 assay kit in different groups (OGD
group, and DAPT group). Results were expressed as the mean + SEM. ns,
non-significant, n = 6 per condition. (B) The generation of ROS in different
groups (OGD group and DAPT group). Results were expressed as the

mean £ SEM. ns, non-significant, n = 6 per condition. (C) The ATP levels were
measured in different groups (OGD group, and DAPT group). Results were
expressed as the mean + SEM. ns, non-significant, n = 6 per condition.

FIGURE S3 | Effect of DAPT-only treatment on mitochondrial biogenesis in
cortical neurons exposed to OGD. (A) The mitochondrial DNA (mtDNA)
content was measured. Results were expressed as the mean + SEM. ns,
non-significant, n = 6 per group. The expression of mitochondrial transcription
factor A (TFAM; B), and nuclear respiratory factor 1 (NRF-1; C) at mRNA levels
was measured by Quantitative Real-Time PCR. Data are shown as

mean + SEM. ns, non-significant, n = 6 per condition.
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In this study, we successfully established a stable method for the isolation of endothelial
cells (ECs) from human cerebral arteriovenous malformation (CAVM) tissues. Despite
human cAVM tissues having a minor population of ECs, they play an important role
in the manifestation and development of cAVM as well as in hemorrhagic stroke and
thrombogenesis. To characterize and understand the biology of ECs in human cAVM
(CAVM-ECs), methods for the isolation and purification of these cells are necessary. We
have developed this method to reliably obtain pure populations of ECs from cAVMs.
To obtain pure cell populations, cAVM tissues were mechanically and enzymatically
digested and the resulting single cAVM-ECs suspensions were then labeled with
antibodies of specific cell antigens and selected by flow cytometry. Purified ECs were
detected using specific makers of ECs by immunostaining and used to study different
cellular mechanisms. Compared to the different methods of isolating ECs from tissues,
we could isolate ECs from cAVMs confidently, and the numbers of cAVM-ECs harvested
were almost similar to the amounts present in vessel components. In addition to
optimizing the protocol for isolation of ECs from human cAVM tissues, the protocol
could also be applied to isolate ECs from other human neurovascular-diseased tissues.
Depending on the tissues, the whole procedure could be completed in about 20 days.

Keywords: endothelial cells, cerebral arteriovenous malformation, isolation approach, purification, angiogenesis,
in vitro culture

INTRODUCTION

Cerebral arteriovenous malformations (cAVMs) are vascular lesions characterized by abnormal
arteries and venous entanglement, which divert blood directly from the arteries to the venous
circulation, instead of capillaries. cAVMs are rare and occur sporadically, which may be associated
with genetic disorders (Consoli et al., 2013; Novakovic et al., 2013; Gross and Du, 2014; Young
etal., 2015; Figure 1). The pathogenic mechanisms underlying cAVMs development are unknown.
Currently, highly invasive procedures are the main medical treatment options for this vascular
disease. However, the surgical access to cAVMs nidus can result in serious damage to adjacent brain
areas and irreversible loss of neurological function. Therefore, alternative therapeutic strategies,
which are safer and more efficient, are essential (Ferreira et al., 2014).
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FIGURE 1 | Images and histology of cerebral arteriovenous malformation (CAVM). (A) T2WI of MRI imaging; (B-D) digital subtraction angiography (DSA) showed
cerebral middle artery as the feeder artery provided blood to the cAVM nidus, which connected to the sigmoid sinus through a thick draining vessel; (E) morphology
of cAVM viewed under the operational microscope; (F) photomicrograph of cAVM with deformed vascular walls from the nidus of the AVM. It had numerous collagen

fibers, lacked smooth muscle and elastic fibers with incomplete wall demarcations.

Angiogenesis is the development of new blood vessels, and is a
feature in different pathologies, such as atherosclerosis, cancer,
arthritis, and particularly vascular diseases (Folkman, 1995;
Griffioen and Molema, 2000). To understand the manifestations
of these vascular diseases, a proper understanding of ECs biology
is necessary. Hence, a method to isolate and purify ECs from
cAVM tissues is essential.

Endothelial cells express a number of specific cell surface
markers, including CD31, CD34, and von Willebrand factor
(vWE), which have been used to isolate, purify and identify
ECs in complex cell populations (Rakocevic et al., 2017). Using
this method, isolation of ECs from cAVM (cAVM-ECs) tissues
was carried out by creating a single-cell suspension of cAVMs
through mechanical and biological digestion. These single-cell
suspensions were then labeled with antibodies and isolated and
purified through FACS (Figures 2, 3). The purified cAVM-
ECs could be used for different downstream applications, i.e.,
molecular profiling, genomic analysis, micro RNA analysis,
proteomics, as well as for tissue engineering (Levenberg et al.,
2010).

AVM-ECs Isolation and Culture

Endothelial cells accounts for about 1-2% of the total cells
in cAVMs. They are located in the inner vessel cavity and
surrounded by numerous cell types (Griffioen and Molema,
2000). Thus, ECs need to be purified before they can be
used for further study. There are numerous methods for the
isolation of ECs from the human brain (Baev and Awad, 1998;
Bernas et al, 2010; Navone et al, 2013; Zhang et al., 2013).
However, we compared the different methods, and found: (1)
based on Professor Zhang protocol, we could not harvest
ECs from cAVMs reproducibly, and were only successful for
2 out of the 10 specimens; (2) we injected 0.25% Trypsin-
EDTA into the cAVM nidus using a 1 ml injection syringe
to digest the ECs, but the cells harvested were fibroblast-
like cells and no ECs were found; (3) using the method
established by us, we were able to confidently isolate ECs
from cAVMs and passage them for 3-4 generations stably.
These procedures included mincing and digestion, filtration,
manual weeding, immunostaining, and isopycnic centrifugation
of primary cultures or immortalized ECs.
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Step6 Step5

FIGURE 2 | Procedure for cAVM-EC isolation from cAVM lesioned tissues. (Step 1) Separate brain tissue from surrounding vessels; (Steps 2-4) AVMs were cut into
small cubes and digested using 0.25% Trypsin-EDTA; (Step 5) filter cells; (Step 6) incubated cells for 7-14 days until colonies appeared.

Step3

Step4

Experimental Protocol

We exploited previously published methods for the isolation
and passaging of ECs from normal human cerebral tissues and
neurovascular tissues (Baev and Awad, 1998; Bernas et al., 2010;
Navone et al., 2013; Zhang et al., 2013). This protocol used
endothelial cell medium (ECM, ScienCell, United States), which
could facilitate ECs to adhere to surfaces coated by collagen type
I and result in a certain proportion of ECs adhering, compared
to other cell types from cAVMs. The isolated cAVM-ECs were
viable and could proliferate for an extended period. Even when
cultured for more than 20 days in vitro, cAVM-ECs maintained
their endothelial features and did not undergo fibroblast trans-
differentiation. In addition, cAVM-ECs maintained high viability
and were similar to thawed and cultured cryopreserved ECs.

Characterization of Isolated cAVM-ECs

After following our isolation and purification protocol, we
verified the purity of the ECs. Specific endothelial cell markers
were available to identify cells of endothelial origin, like VWE,
CD31, and CD34 (van Beijnum et al., 2008; Rakocevic et al.,
2017). Primary ECs were sorted by FACS for CD31 positive
expression. The proportion of cAVM-ECs was estimated to be
around (1.53 & 0.13)% (Figure 4). cAVM-ECs were sorted before
they reached four passages in cell culture. Under a phase-contrast
microscope, the isolated cAVM-ECs were observed to have a
classic round border and cobblestone appearance in morphology
and displayed a flat ellipse shape when confluent with each other
(Figures 5A-C).

Immunostaining demonstrated that more than 90% of cAVM-
ECs expressed the classic EC markers, CD31 (91.6 £ 2.86) and
CD34 (91.2 + 2.96) (Figures 5D-1, 6). In addition, cAVM-
ECs were immunostained with negative EC markers, i.e., GFAP
for astrocytes, SMA for smooth-muscle cells, and Tujl for
neurons; however, no positive cells were observed. These results
demonstrated that almost all the cultured cAVM-ECs purified

using our protocol maintained the typical EC phenotype. In
addition, the specific markers for ECs, vWF was also used to
identify the origin of the cAVM-ECs (Figure 7). The cultured
cAVM-ECs were functional, with the demonstrable ability to
absorb Dil-Ac-LDL and form tube structures in 3D matrigel
culture conditions. We found that Dil-Ac-LDL (labeled with red
fluorescence) was in the cytoplasm of cAVM-ECs (Figure 8A)
and the capillaries formed net-like structures (Figure 8B).
However, the morphology of the isolated cAVM-ECs was not
stable, and began to change into spindle-like cells after four
generations of doubling (Figure 9).

Utility of Human cAVM-ECs

Endothelial cells are useful tools to understand the biological
characteristics of cerebral endothelium in conditions of
neuroinflammatory, neurodegeneration, as well as neurovascular
diseases. During vascular disease, ECs undergo cellular,
morphogenetic, and phenotypic changes, accompanied with
the appearance of angiogenic vasculature. Understanding
EC dysfunction during cAVMs occurrence and development
will be helpful to craft new therapies for the treatment of
cAVMs.

The protocol we have established for isolating ECs from
cAVMs can be also performed for other vascular diseases,
such as cavernous hemangioma and aneurysm. For efficient EC
isolation and purification, the vascular density level of CD31
expression and cAVM composition are important. This new and
optimized method for isolating ECs will be useful for the study of
cerebrovascular diseases.

MATERIALS

Reagents
0.25% Trypsin-EDTA (Gibco, Cat. No. 25200072, United States);
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(D) The isolated cells were cultured in conditional medium.

FIGURE 3 | Experimental procedure to isolate cAVM-ECs. (A) Original cAVM lesioned tissues were washed with Phosphate-buffered saline (PBS); (B) the disordered
vessels in the cAVM nidus, showing thin and lucid vessel layers; (C) disordered vessels in the cAVM nidus were cut into small cubes and digested in Trypsin-EDTA;

FITC mouse anti-human CD31 antibody (BD, Cat. No. 557508,
United States);

Rabbit polyclonal anti-CD31 (Abcam, Cat. No. Ab28364,
United States);

Mouse monoclonal antibody of anti-CD34 (Abcam, Cat. No.
Ab81289, United States);

Goat anti-vWF (Abcam, Cat. No. Ab 11713, United States);
Mouse anti-beta IIT Tubulin (Tujl) (Abcam, Cat. No. Ab 78078,
United States);

Rabbit anti-GFAP (Abcam, Cat. No. Ab 33922, United States);
Rabbit anti-alpha smooth-muscle Actin (a-SMA) (Abcam, Cat.
No. Ab 5694, United States);

Donkey Anti-Rabbit IgG H&L (Alexa Fluor® 647) (Abcam, Cat.
No. Ab150075, United States);

Goat Anti-Mouse IgG H&L (Alexa Fluor® 488) (Abcam, Cat. No.
Ab150113, United States);

Donkey Anti-Goat IgG H&L (Alexa Fluor® 488) (Abcam, Cat.
No. Ab150137, United States);

Vectashield mounting medium containing 4, 6-diamidino-2-
phenylindole (DAPI) (Vector Laboratories, Cat. No. H1200,
United States);

Endothelial cell medium (ECM-NG, ScienCell, Cat. No. 1001NG,
United States);

Fetal Bovine Serum (FBS, ScienCell, Cat. No. 0025, United States);
Penicillin / Streptomycin solution (P/S, ScienCell, Cat. No. 0503,
United States);

Endothelial Cell Growth Supplement (ECGS, ScienCell, Cat. No.
1052, United States);

Phosphate-buffered saline (PBS) solution (Life Technologies, Cat
No. 10010023, United States);

Bovine serum albumin (BSA, Jackson Immunoresearch
Laboratories, Cat. No. BAH640050, United States);
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FIGURE 4 | Flow cytometry analysis of cCAVM-ECs. Expression of CD31 in
isolated human cAVM-ECs.

Dil-labeled acetylated LDL (Invitrogen, Cat No. L35353,
United States);

Collagen type I (RD, Cat No. 3440-100-01, United States);
Heparin (Leo Pharma, Cat. No. 013192-02);

Cerebral AVM Tissues;

Matrigel (BD, Cat No. 354234, United States);

EC media;

FACS media;

LDL (Invitrogen, Cat No. L35353, United States)

Equipment

Centrifuge suitable for 15-ml and 1.7-ml tubes

FACS (Millipore);

Surgical blades;

Surgical scissor

Disposable Petri dishes;

50-ml Tubes (Corning, Cat. No. 431720, United States);
15-ml Tubes (Corning, Cat. No. 430052, United States);
1.7-ml Tubes (Corning, Cat. No. 3622, United States);
1-ml Syringes;

Cell strainers (BD, 70um, Cat. No. 352350, United States);
FACS tubes with caps;

Bovine Serum Albumin (BSA) (Solarbio, Cat. No. A8020, China);
Matrigel (Corning, Cat. No. 354248, United States);

PBS (pH7.4) (Life Technologies, Cat. No. 10010023,
United States)
Reagent Setup

Patients and Tissues

Cerebral arteriovenous malformation samples were collected
from eight patients who underwent surgical resection in
the Department of Neurosurgery, Tian Tan Hospital, Beijing,

China. Samples were collected between September 2015 and
January 2016. Samples were collected from patients who had
not previously received irradiation or embolization treatment.
The Human Subject Review Committee of Tian Tan Hospital
approved the experimental protocol. Tissue samples were
collected immediately after surgical resection, which were placed
in tubes with EC separation media and kept in the icebox for 6 h
at most, before initiating the purification protocol.

Antibodies Used for Labeling and FACS

Titration of antibodies was crucial for isolating pure populations
of cAVM-ECs. It was also recommended to titrate Ab that was
EC-specific in the tissue of interest. We tested different titrations
of Ab, and determined that 1:50 dilution of anti-CD31 was
optimal for the isolation of cAVM-ECs. Human cAVM-ECs were
sorted using FITC-labeled mouse anti-human CD31.

PBS/0.1%BSA
100 mg BSA was dissolved in 100 ml of PBS.

Collagen I (5 mg/ml)
100 mg Collagen I was dissolved in 20 mls of PBS.

Matrigel (80%wt/vol or 100%)
0.8 mg of Matrigel was dissolved in 0.2 ml EC culture medium.

EC Medium

Endothelial Cell Growth Supplement (ECGS, ScienCell, Cat. No.
1052, United States) was stored at —20°C. Once added to the
media, it was stored at 4°C and protected from light. ECGS
should be thawed only once and added to the media. ECGS
was incubated at 37°C with occasional mixing until completely
thawed before adding to the culture media in a BSC hood. The
supplemented media should not be warmed using a 37°C water
bath, and instead should be left to sit at room temperature
protected from light before proceeding to cell culture. The
reconstituted media was stable for 1 month.

FACS Medium

Cells were re-suspended in EC media supplemented with 0.1%
BSA and were quickly sorted to prevent excessive cell death.

STEP-BY-STEP PROCEDURE FOR
ISOLATING AND PURIFYING ECs FROM
HUMAN CAVM SAMPLEs

Preparation of Human AVM Samples

wTime Required: 6 h

(1) Phosphate-buffered saline solution was prepared with heparin
and stored on ice. After surgical removal of cAVMs, the samples
were immediately immersed in PBS solution with heparin.

Critical Step

To avoid blood clotting and reduce injury to ECs, samples
were placed in PBS supplemented with heparin, and addition
of heparin also increased the efficiency of enzyme digestion.
To maintain optimal viability, the samples should be processed
within ~6 h of surgical incision.
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(H) DAPI staining; (1) Merge, scale bar = 50 pm.

FIGURE 5 | Morphology and immunostaining of cAVM-ECs. (A-C) morphology of cAVM-ECs in different fields of view; (A) scale bar = 100 wm; (B) scale
bar = 50 um; (C) scale bar = 20 pm; (D) CD31 expression; (E) 4/, 6-diamidino-2-phenylindole (DAPI) staining; (F) Merge, scale bar = 50 um; (G) CD34 expression;

Preparation of Single-Cell Suspensions

for cAVM-ECs Isolation

wTime Required: 7-14 day

(2) Separated vasculature structures from human cAVM samples.
cAVM samples contained abnormal vessels, surrounding brain
tissues, blood cells, and some electro-coagulation materials. To
remove unwanted cells, AVM nidus samples were soaked in
PBS solution with heparin, and brain and surrounding tissues
were separated under a micro-dissecting instrument. The electro-
coagulation materials were removed in a similar manner. For
the removal of intravascular blood cells, we injected PBS with
heparin into the lumen using a 1-ml syringe, to exclude blood
cells retained in the vessel’s lumen (Figures 2 Step 1, 3A,B).

Critical Step
In order to avoid microbial contamination, the procedure should
be carried out using sterile reagents and a laminar flow cabinet.
The whole procedure was performed on ice.

(3) Cerebral arteriovenous malformations were cut into small
cubes (Figure 2 Step 2), and subsequently 0.25% Trypsin-
EDTA was added. The tissues were further chopped and then
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FIGURE 6 | Percent of CD31 and CD34 cells in cAVM-ECs. cAVM-ECs
selected by FACS were immunostained for CD31 and CD34 antigens,
respectively. The percent of CD31 positive cells was about (91.6 + 2.86), and
about (91.2 + 2.96) for CD34.

incubated at 37°C with 5% CO; for 15 min (Figures 2 Steps 3,
4,3C,D).
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FIGURE 8 | Functional phenotypes of isolated human cAVM-ECs. (A) LDL uptake by human cAVM-ECs, scale bar = 50 wm; (B) Capillary tube-like structure

formation by cAVM-ECs, scale bar = 200 pm.

Critical Step

Inefficient digestion of cAVMs with trypsin might cause cell
clusters to not pass through cell filters and result in reduced cell
yield. In order to avoid this, tissues should be gently pipetted
up/down several times during the 15-min incubation.

(4) Neutralize Trypsin-EDTA with EC culture medium (please
refer to solution 2:1). The digested cAVMs were then filtered
twice using an additional 5 ml of EC culture media.

(5) The filtered cells were centrifuged at a speed of 1000 rpm
for 5 min, then resuspended in EC culture media, and then
centrifuged again. The cell pellets were then resuspended in fresh
EC culture media (Figure 2 Step 5).

(6) 6-well plates were coated with Collagen I (5 mg/ml). 2mls
of Collagen I solution were added into wells and incubated under
37° C for 1 h. Then the Collagen I solution was removed and 6-
well plates were washed three times with PBS. The cells were then
seeded into 6-well plates. Large aggregates were removed from
the culture media. The cells were incubated for 7-14 day until
colonies were observed (Figure 2 Step 6).

Critical Step
Collagen I could promote cell attachment and be reused three
times at most.

EC Purification

wTime Required: 6 h

(7) cAVM-ECs were cultured in ECM and harvested after 7-
14 days. The cells were washed three times with PBS, and
digested by 0.25% Trypsin-EDTA. After 5-10 min digestion, the
cells solution was added to ECM to neutralize Trypsin-EDTA.
Then the cells solution was centrifuged at a speed of 1000 rpm
for 5 min. cAVM-ECs were washed once with blocking buffer
[1% BSA in 1x PBS with Calcium and Magnesium] and then
suspended in blocking buffer to a density of 0.5 x 10> cells/ml at
RT for 30 min. 1.0 pul of anti-human CD31 antibody (BD, Cat. No.
557508, United States) was then added to the cells and incubated
for at least 30 min with gentle agitation. cAVM-ECs were kept
protected from light and incubated on ice before being analyzed
by FACS.
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P3. Scale bar = 50 pm

FIGURE 9 | Changes in cAVM-EC morphology when isolated and passaged. (A) morphology in PO; (B) morphology in P1; (C) morphology in P2; (D) morphology in

Critical Step

All procedures should be performed in the cell culture hood to
maintain sterility. It was also recommended to perform anti-
mycoplasma tests at the end of the protocol to be sure that the
endothelial cells were mycoplasma free.

EC Immunocytochemistry

wTime Required: 20 h

(8) cAVM-ECs were fixed in 4% paraformaldehyde for 20 min at
RT. Cells were then perforated permeabilized for 20 min using
0.3% Triton in PBS, and later washed three times with PBS,
and subsequently blocked in 5% goat serum and incubated at
4°C with the following primary antibodies: Rabbit polyclonal
anti-CD31 (1:200, Abcam, Cat No. Ab28364, United States),
Mouse monoclonal antibody of anti-CD34 (1:100, Abcam, Cat
No. Ab81289, United States), and Goat anti-Von Willebrand
factor (VWF) (1:100, Abcam, Cat. No. Ab 11713, United States).
The slides were then incubated with the appropriate secondary
antibody, Donkey Anti-Rabbit IgG H&L (Alexa Fluor® 647)
(1:200, Abcam, Cat No. Ab150075, United States), Goat Anti-
Mouse IgG H&L (Alexa Fluor® 488) (1:200, Abcam, Cat
No. Ab150113, United States), and Donkey Anti-Goat IgG
H&L (Alexa Fluor® 488) (1:200, Abcam, Cat. No. Ab150137,
United States) for 1 h. Immunostained cAVM-ECs were counted

randomly using five microscope fields in a coverslip using a
Nikon Eclipse inverted-fluorescence microscope.

EC Dil-Ac-LDL Uptake

wTime Required: 6 h

(9) The uptake of acetylated LDL served as a useful marker
for identifying ECs. cAVM-ECs were incubated with Dil-
labeled acetylated LDL (Invitrogen, Catalog No. L35353,
United States) at RM for 4 h. Then cAVM-ECs were visualized
and imaged using a Nikon Eclipse inverted-fluorescence
microscope.

EC Capillary Tube-Like Structure
Formation

wTime Required: 8 h

(10) To determine whether ECM-cultured cAVM-ECs retained
angiogenic properties, cells were plated at a density of 0.4 x 10°
onto surfaces coated with matrigel to detect formation of capillary
tube-like structures. Reduced growth factor matrigel (BD, Cat
No.354234, United States) was thawed at 4°C overnight in a
refrigerator. 200 pl of matrigel was added into a 48-well plate,
which was incubated at 37°C and under 5% CO, for 30 min. Then
the cAVM-ECs were seeded into each well and cultured for 12 h.
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Anticipated Results

Using the protocol we developed, isolated cAVM-ECs grew
into separate colonies, with morphologies of round borders
and cobblestone appearance. Observed under a microscope,
cAVM-ECs showed flat and ellipse shape in morphology when
confluent (Figure 5). After FACS, the proportion of cAVM-
ECs was about 1.5% percentage of the total cell population
(Figure 4). All primary ECs established from cAVMs were
viable for a long period and expressed specific cell receptors,
such as CD31, CD34, and vWF. In addition, AVM-ECs
were with the demonstrable ability to absorb Dil-Ac-LDL
and form tube structures in 3D matrigel culture conditions
(Figure 8). These results demonstrated that cultured cAVM-
ECs using our protocol were functional ECs, which had
common cellular characteristics of ECs. The isolated cAVM-ECs
should be used before four passages, because they would trans-
differentiate into mesenchymal-like cells after four generations of
doubling.

Statistical Analysis
All experimental data were presented as Mean =+ SD, using
GraphPad Prism 6 (United States).
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Huntington’s disease (HD) is an autosomal-dominant inherited neurodegenerative
disorder characterized by motor, psychiatric and cognitive symptoms. HD is caused by
an expansion of CAG repeats in the huntingtin (H7T) gene in various areas of the brain
including striatum. There are few suitable animal models to study the pathogenesis of HD
and validate therapeutic strategies. Recombinant adeno-associated viral (AAV) vectors
successfully transfer foreign genes to the brain of adult mammalians. In this article, we
report a novel mouse model of HD generated by bilateral intrastriatal injection of AAV
vector serotype DJ (AAV-DJ) containing N171-82Q mutant HTT (82Q) and N171-18Q
wild type HTT (18Q; sham). The AAV-DJ-82Q model displayed motor dysfunctions in
pole and rotarod tests beginning 4 weeks after viral infection in juvenile mice (8 weeks after
birth). They showed behaviors reflecting neurodegeneration. They also showed increased
apoptosis, robust glial activation and upregulated representative inflammatory cytokines
(tumor necrosis factor-alpha (TNF-a) and interleukin (IL)-6), mediators (cyclooxygenase-
2 and inducible nitric oxide synthase) and signaling pathways (nuclear factor kappa B
and signal transducer and activator of transcription 3 (STAT3)) in the striatum at 10 weeks
after viral infection (14 weeks after birth) via successful transfection of mutant HTT into
neurons, microglia, and astrocytes in the striatum. However, little evidence of any of
these events was found in mice infected with the AAV-DJ-18Q expressing construct.
Intrastriatal injection of AAV-DJ-82Q might be useful as a novel in vivo model to investigate
the biology of truncated N-terminal fragment (N171) in the striatum and to explore the
efficacy of therapeutic strategies for HD.

Keywords: Huntington’s disease, adeno-associated viral vector serotype DJ, mutant huntingtin, N171-82Q,
polyglutamine expansion

INTRODUCTION

Huntington’s disease (HD) is an inherited progressive neurodegenerative disorder characterized by
involuntary abnormal movements (chorea), cognitive decline and emotional as well as psychiatric
disturbances (Damiano et al., 2010; Jacobsen et al., 2011; Gil-Mohapel et al., 2014). HD typically
becomes apparent at 35-45 years of age and progresses toward death within 15-20 years after the
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appearance of the first clinical symptoms (Ceccarelli et al,
2016). HD is caused by an abnormal expansion of a CAG
codon >36 repeats located in exon one of the huntingtin
gene (HTT) on chromosome 4 that confers a toxic function
to the protein (Damiano et al, 2010; Jacobsen et al, 2011;
Gil-Mohapel et al., 2014). The expansion encodes a prolonged
polyglutamine sequence that results in conformational change
of the HTT protein and induces the formation of intranuclear
inclusions of mutant HTT in various areas of the brain. This
mutation leads to neuronal loss and neuronal degeneration, most
prominently in the striatum (Damiano et al,, 2010; Jacobsen
et al., 2011; Gil-Mohapel et al., 2014). On postmortem analysis,
ubiquitinated intranuclear inclusions are observed, suggesting
abnormal processing/folding of the polyglutamine domain in
affected cells. However, the pathogenic mechanisms leading to
neurodegeneration are unclear.

There is no established treatment to prevent or to delay
the onset or forestall the progression of HD (Wyant et al,
2017). A critical aspect for drug discovery is the creation of
in vivo models that recapitulating the genetic and molecular
mechanisms underlying the neurodegenerative processes and
that present symptoms of the HD patient. With the convergence
of the genetic theory of the disease and gene transfer technology,
various in vivo models of HD have been manufactured (Pouladi
etal., 2013). Invertebrate models (Drosophila and Caenorhabditis
elegans) have been used to effectively and rapidly screen potential
therapeutic interventions and to investigate genetic/molecular
pathogenesis of HD (Faber et al., 1999; Parker et al., 2001). Toxin
models, which were the first animal models of HD, clarified the
role of mitochondrial dysfunction and excitotoxicity, two events
that have been characterized in the brains of individuals with HD
(Beal et al., 1993; Pouladi et al., 2013). However, whether these
models recapitulate HD biology is still uncertain (Pouladi et al.,
2013). Transgenic (Tg) mouse models including R6/2, BACHD
and YACI28 have been generated by introducing truncated
N-terminal fragment or full-length of a juvenile HD patient’s
HTT gene into the mouse genome (Pouladi et al., 2013; Menalled
and Brunner, 2014). The Tg models revealed behavioral deficits,
such as motor symptoms, electrophysiological alterations, striatal
neurodegenerations, presence of intranuclear HTT inclusions, or
alteration of transcriptional factors. However, some Tg models
have various phenotypes. They do not reproduce some major
features of HD pathology, such as serious neuronal degeneration
in the striatum (Crook and Housman, 2011; Pouladi et al., 2013;
Menalled and Brunner, 2014). R6/2 mice are well known to
have limited lifespan (Perry et al., 2010). Nonetheless, these
models have been widely used to study HD pathogenesis and
for therapeutic trials (Crook and Housman, 2011; Pouladi
et al, 2013; Menalled and Brunner, 2014). Drug discovery
trials using these models are a labor-, time-, and cost-intensive
efforts. Recent advances in viral-vector technology have provided
promising alternatives based on direct transfer of genes to
selected sub-regions of the brain (Ruiz and Déglon, 2012;
Blessing and Déglon, 2016; Saraiva et al., 2016).

Recombinant adeno-associated viral (AAV) vectors have been
successfully used to locally or systemically enhance or silence
gene expression in a variety of tissues, including brain tissues,

in adult animals or human clinical trials (de Backer et al., 2010;
Ruiz and Déglon, 2012; Blessing and Déglon, 2016; Saraiva
et al., 2016). The AAV vectors are reportedly more effective
than lentiviral vectors at regulating the expression of specific
genes at specific brain regions (de Backer et al, 2010; Ruiz
and Déglon, 2012; Blessing and Déglon, 2016; Saraiva et al.,
2016). Thus far, 11 serotypes of AAV have been identified. These
serotypes differ in their tropism or the type of cells they infect
(Kwon and Schaffer, 2008). Hybrid capsids derived from multiple
different serotypes can also alter viral tropism. AAV serotype
DJ (AAV-DJ), one common hybrid example, contains a hybrid
capsid derived from eight serotypes. AAV-D]J displays a higher
transduction efficiency in vitro than any wild type serotype. In
vivo, it displays very high infectivity across a broad range of cell
types (Grimm et al., 2008).

An AAV-induced animal model was first manufactured
to express expanded polyglutamine tracts (97Q) fused to
green fluorescence protein (GFP) in the adult rat brain. The
model revealed the rapid formation of fibrillar, cytoplasmic
and ubiquitinated nuclear polyglutamine aggregates in neurons
(Senut et al., 2000). Recently, a rat HD model obtained by
AAV serotype 2/9 containing Exon 1-Q138 mutant HTT (Q138)
was reported as a short-term model for in vivo studies in drug
discovery (Ceccarelli et al., 2016). Although these models are
useful in HD studies, more models would provide more options
to researchers. In the present study, we used AAV-D] expressing
N-terminal truncated fragment (N171) carrying 82 or 18 CAG
repeats (mutant HT'T and wild type, respectively) to establish and
optimize a mouse model of HD. AAV-DJ-N171-82Q (AAV-DJ-
82Q) and AAV-DJ-N171-18Q (AAV-DJ-18Q) as control were
stereotaxically injected in the bilateral striata of juvenile mice. As
a result, we demonstrate that this AAV-DJ-82Q model could be
valuable as a new tool for drug efficacy trials through confirming
reduced motor activity, striatal cell death and increased HTT
aggregation.

MATERIALS AND METHODS

AAV Vector Production

To generate AAV-HTT-N171-82Q, we used HD-N171-82Q
cDNA construct in pBluescript to generate N171-82Q mouse
model of HD (Schilling et al, 1999, 2004). The construct
with first three exons (171 amino acids) of human HTT and
82 CAG gene repeats (HTT-N171-82Q) was obtained from
Dr. David R. Borchelt (Santa Fe Health Care Alzheimer’s Disease
Research Center, University of Florida). The HTT-N171-82Q
construct was double digested with EcoRI/Xhol and inserted
into multi-cloning sites of an AAV-MCS expression vector
(Cell Biolabs Inc., cat# VPK-410). This vector was created
by expression under cytomegalovirus (CMV) immediate early
enhancer and promoter. As a control vector, HTT cDNA
containing 18Q CAG repeats was used. All plasmid constructs
were verified by nucleotide sequencing. These viral vectors
used in this study were pseudo-typed where the transgene
was flanked by inverted terminal repeats of AAV2 packaged
in an AAV-D]J capsid. AAV-D] was engineered using a DNA
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family shuffling technology to create a hybrid capsid from eight
AAV serotypes. Additionally, AAV-DJ-HTT-N171-82Q and
AAV-DJ-HTT-N171-18Q vectors were purified by iodixanol
gradient ultracentrifugation by Korea Institute of Science and
Technology (KIST) Virus Facility!. The production titer was
1.3 x 10" genome copies/ml (GC/ml) for AAV-DJ-HTT-N171-
82Qand 1.6 x 10'* GC/ml for AAV-DJ-HTT-N171-18Q.

Animals and Ethical Statement

Male C57BL/6 mice (Narabiotec Co., Ltd., Seoul, South Korea;
Seed mice were originated from Taconic Biosciences Inc.,
Cambridge, IN, USA) were kept at a constant temperature of
23 + 2°C with a 12-h light-dark cycle (light on 08:00-20:00)
and fed food and water ad libitum. The animals were allowed
to habituate to the housing facilities for 1 week before the
experiments. This study was carried out in accordance with the
recommendations of a NIH Workshop on preclinical models
of neurological diseases (Landis et al., 2012). The protocol was
approved by the Institutional Animal Care and Use Committee
at Kyung Hee University. In this process, proper randomization
of laboratory animals and handling of data were performed in a
blinded manner.

Experimental Groups

To confirm the effect of AAV-DJ-82Q-infection, 4-week-old
male juvenile mice were selected from a 5-day preliminary
behavioral test. The selected mice were randomly divided into
sham (n =5), AAV-DJ-18Q (7.9 x 10" GC/ml, n=7), AAV-DJ-
82Q (0.62 x 10'* GC/ml, n = 7), and AAV-DJ-82Q (1.23 x 10"
GC/ml, n =7) groups.

Stereotactic Brain Surgery

Mice (4 weeks; body weight, 14-15 g) were deeply anesthetized
(2%-3% isoflurane, 60% O, 40% N,0O), placed on a stereotaxic
apparatus (myNeuroLab, St. Louis, MO, USA), and gently fixed
with ear bars and head holder. Two microliters of AAV-D]J-
18Q (7.9 x 10" GC/ml) and AAV-DJ-82Q (0.62 x 10"
GC/ml and 1.23 x 10'2 GC/ml) were injected at a speed of
0.5 pwl/min into the mid-coronal level of the bilateral striatum
(stereotaxic coordinates in mm with reference to the bregma
were anteroposterior, +0.8; mediolateral, £2.0; dorsoventral,
—2.5; Paxinos and Watson, 1998) using a Hamilton syringe
(Sigma-Aldrich, St. Louis, MO, USA) equipped with a 30 gauge
sharp-tipped needle. After 5 min, the needle was removed in
three intermediate steps for 3 min to minimize the backflow.
After surgical suturing, the mice were kept on a warm pad until
being awakened.

Behavioral Assessment

To investigate whether AAV-DJ-82Q injection induces
neurological impairment (reduced motor coordination and
imbalance), we measured body weight and accomplished pole
and rota-rod performance tests (Choi et al, 2018) a weekly
during 10 weeks from 1 day before AAV-DJ-82Q injection.
Briefly, for the pole test, each mouse was placed on the top

Uhttp://virus.kist.re kr

of a pole with a rough surface (1cm in diameter and 50 cm
in height) with its head facing upwards. The time in which
the mouse completely turned downwards on the top of the
pole and climbed down to the floor was recorded. At 1 h
after pole test, each mouse was placed on the rotating rod
(diameter = 4 cm) and tested at 16 rpm/s for 5 min. The latency
to fall off the rota-rod apparatus within this time was recorded
by magnetic trip plates. The assessment was accomplished
by an experimenter who was unaware of the experimental
condition under constant conditions of temperature (23 £ 2°C)
and humidity (554 5%) in a quiet room. Mice were acclimated
to the pole and rota-rod apparatuses for 5 days before the
first test. Mice that turned downwards on the top of the
pole and climbed down to the floor within 2 min and that
stayed on the rod without falling during training (for 5 min)
were selected and randomly divided into the experimental
groups.

Western Blot Analysis

Western blot analysis was performed as previously described
(Jang et al., 2013, 2014; Jang and Cho, 2016; Lee et al., 2016a,b).
Briefly, 10 weeks (14 weeks after birth) after the AAV-DJ-82Q-
injection, mice (n = 7 per group) were anesthetized and the
striatum was immediately removed with lysis buffer. The protein
(30 pg) from each striatum was transferred to polyvinylidene
fluoride membranes and blocked. These membranes were
probed with mouse anti-HTT (1:500; catalog LS-C24591-100,
a.a. 181-810, clone 2Q75; LifeSpan BioSciences, Seattle, WA,
USA), mouse anti-HTT protein (1:200; catalog MAB5374, clone
EM48; Millipore, Darmstadt, Germany), rabbit anti-NeuN
(1:2000; Abcam, Cambridge, MA, USA), mouse anti-dopamine-
and cAMP-regulated neuronal phosphoprotein (DARPP-32)
(1:2000; BD Biosciences, San Jose, CA, USA), rabbit anti-cleaved
caspase-3 (1:1000; Cell Signaling Technology, Beverly, MA,
USA), rabbit anti-ionized calcium-binding adapter molecule
1 (Iba-1) (1:1000; WAKO, Chuo-Ku, Japan), rabbit anti-glial
fibrillary acidic protein (GFAP) (1:2000; DACO, Carpinteria,
CA, USA), rabbit anti-oligodendrocyte transcription factor
2 (Olig2) (1:500; Abcam), rabbit anti-tumor necrosis factor-
alpha (TNF-a) (1:500; Cell Signaling Technology), rabbit
anti-interleukin (IL)-6 (1:500; Cell Signaling Technology),
mouse anti-inducible nitric oxide synthases (iNOS) (1:500;
Santa Cruz Biotechnology, Santa Cruz, CA, USA), mouse
anti-cyclooxygenase-2 (COX-2) (1:500, BD Biosciences),
rabbit anti-phospho (p)-IkappaB-alpha (IkBa) (1:500; Cell
Signaling Technology), rabbit anti-p-nuclear factor kappa B
(NF-kB) (1:500; Cell Signaling Technology), rabbit anti-p-
signal transducer and activator of transcription 3 (STATS3)
(1:500; Cell Signaling Technology), and mouse anti-GFAP
(1:2000; Millipore) followed by incubation with an horseradish
peroxidase-conjugated secondary antibody prior to enhanced
chemiluminescence (Amersham Pharmacia Biotech, Piscataway,
NJ, USA). To normalize the level of protein expression,
the membranes were stripped and reprobed with mouse
anti-gyceraldehyde 3-phosphate dehydrogenase (GAPDH)
(1:10,000; Cell Signaling Technology). After Western blots were
performed three times, the density of each band was converted
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into numerical values using the Photoshop CS2 program (Adobe,
San Jose, CA, USA), subtracting background values from an
area of film immediately adjacent to the stained band. Data
are expressed as the ratio of protein to total GAPDH for each
sample.

Tissue Preparation and

Immunofluorescence Procedure

To examine the histopathological changes in the striatum,
10 weeks (14 weeks after birth) after AAV-DJ-82Q injection,
the mice (n = 7 per group) were deeply anesthetized with
diethyl ether and then intracardially perfused with saline and
cold 4% paraformaldehyde in 0.1 M phosphate buffer (PB,
pH 7.4). Brains were removed and post-fixed for 24 h and
cryoprotected in 10, 20 and 30% sucrose in PBS serially at
4°C. Serial coronal slices (30-wm thickness) of striatum were
acquired on a model CM3050S freezing microtome (Leica,
Wetzlar, Germany) and collected in sequence as free-floating
sections on PBS. The sections from the mid-coronal level
of the striatum (Franklin and Paxinos, 2008) were processed
for immunofluorescence stain as previously described (Lee
et al, 2016a). Briefly, the brain sections from each group
(n 3 per brain) were incubated with mouse anti-HTT
protein (1:400; catalog MAB5374, clone EM48; Millipore),
rabbit anti-NeuN (1:5,000; Abcam), rabbit anti-cleaved caspase-3
(1:500; Cell Signaling Technology), rabbit anti-Iba-1 (1:2,000;
WAKO), mouse anti-GFAP (1:5,000; Millipore) and rabbit
anti-Olig2 (1:500; Abcam) overnight with gentle agitation at
room temperature. The sections were followed with a mixture
of secondary antibodies and examined with confocal imaging
system (LSM five PASCAL; Carl Zeiss, Germany).

Statistical Analysis

Statistical analysis was performed by using the SPSS 21.0 package
(SPSS Inc., Chicago, IL, USA) for Windows. Multiple
comparisons were made using one-way ANOVA with Tukey
post hoc test. All data are presented as means = SEM and
statistical difference was accepted at the 5% level unless
otherwise indicated.

RESULTS

AAV-DJ-82Q-Injection Induces

Neurological Impairment

First, to confirm whether AAV-DJ-82Q injection induced
neurological symptoms and to select a more effective dose
of the viral vector, motor coordination and balance activities
were measured weekly after AAV-DJ-82Q-injetion using pole
and rotarod performance tests. In the pole test, beginning at
week 4 after AAV-DJ-82Q injection (8 weeks after birth), the
average descent time to the bottom of the pole was increased
(5.7 £ 0.3 and 6.3 + 0.2 s in the 0.62 x 10> GC/ml and
1.23 x 10'? GC/ml groups, respectively) 8 weeks after injection
(12 weeks after birth) compared to the sham group (4.3 £ 0.5 s
at 8 weeks after injection) and AAV-DJ-18Q (4.0 £ 0.3 s at
8 weeks after injection) groups (Figure 1A). In the rotarod

Sham
AAV-DJ-18Q (7.20x1012GC/ml)
AAV-DJ-82Q (0.62x10'2GC/ml)

-
e
——
—4— AAV-DJ-82Q (1.23x10'2GC/ml)

>

Pole test

10

Latency to descend (sec)
L=

3456 7 8 910
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B Rotarod test
300
A
3 290 —M
e =S
| &
2 280 #
g 4 kA1
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270 " 1 1 1 1 L 1 L 1 1 1 I
01 23456 7 8910
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C) 24
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2
2 20
£ 18
16
14

01 23 456 78 910
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FIGURE 1 | Adeno-associated viral (AAV)-DJ-82Q-injection induces
neurological impairment. Two microliters of AAV-DJ-82Q (0.62 x 10'2 GC/ml
and 1.23 x 10" GC/ml) and AAV-DJ-18Q (7.9 x 10'> GC/m) were
stereotaxically injected into the mid-striatum of male juvenile mice (4 weeks
old). Sham group received the same dose of vehicle. Pole (A) and rota-rod
performance tests (B) and alteration of body weight (C) were measured
weekly. ANOVA test; *p < 0.05 and *p < 0.05 vs. sham group and

AAV-DJ-18Q groups.

test, the average latency to fall was reduced since week 4 after
the AAV-DJ-82Q injection (282.9 + 2.3 and 280.3 £+ 1.7 s
in the 0.62 x 10'> GC/ml and 1.23 x 10> GC/ml groups,
respectively, 8 weeks after injection) compared with the sham
group (289.5 £ 1.9 s, 8 weeks after injection) and AAV-DJ-18Q
(290.5 = 1.3 5, 8 weeks after injection; Figure 1B). Body weight
was significantly decreased since week 8 after AAV-DJ-82Q
injection (1.23 x 10'2 GC/ml), partially corresponding to both
behavioral symptoms (Figure 1C). There were no significant
differences in behavioral tests or change in body weight between
low and high doses of vector groups (Figures 1A-C). At the
end of experiment, all mice were alive. These results suggest
that AAV-DJ-82Q-injection can successfully induce neurological
impairment.
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AAV-DJ-82Q Injection Enhances Mutant
HTT Expression and Induces

Neurodegeneration in Striatum

Since 1.23 x 102 GC/ml of AAV-DJ-82Q more effectively
induced neurological impairment than 0.62 x 10?2 GC/ml
of AAV, we further investigated whether the neurological
impairments were associated with the level of AAV-DJ-82Q-
infection into the striatum at the same dose. The level of
AAV-DJ-82Q infection was measured by Western blot and
immunohistochemical analysis against HTT and HTT aggregates
with LS-C24591-100 and EM48 antibodies, respectively. Protein
expression by anti-HTT antibody showed two bands. The HTT
expression (~75 KDa) was increased clearly in the striatum of
sham and AAV-DJ-18Q groups while mutant HTT expression
was increased clearly in the striatum of AAV-DJ-82Q group
(Figures 2A,D). Expression level of mutant HTT aggregates by
using EM48 antibody was not detected in the striatum from
the sham or the AAV-DJ-18Q group. However, its expression
was markedly increased in the striatum of the AAV-DJ-82Q
group (Figures 2B,D). In agreement with these results, many
EM48-immunnoreactive cells were detected in the striatum
from the AAV-DJ-82Q group, while they were not detected
in the striatum from the sham and AAV-DJ-18Q groups
(Figures 2E-G). Subsequently, we confirmed whether the AAV-
DJ-82Q-infection induced neurodegeneration in striatum. The
protein expressions of NeuN (a neuron marker) AND DARPP-32
(a marker for medium spiny neurons) were significantly reduced
and cleaved caspase-3 (apoptotic cell marker) were significantly
enhanced in the striatum from the AAV-DJ-82Q group
compared to the sham and AAV-DJ-18Q groups (Figures 2C,D)
consistent with the expression pattern of NeuN and cleaved
caspase-3-immunoreactive cells (Figures 2E-M). These results
suggested that AAV-DJ-82Q-injection can over-express mutant
HTT in the striatum, resulting in neurodegeneration associated
with apoptosis.

AAV-DJ-82Q-Infection Induces Microglial
and Astroglial Activation and Inflammation

in Striatum

We examined whether AAV-DJ-82Q infection in the striatum
affects the features of neuroglia (Figure 3). The protein
expressions of Iba-1 (microglia marker) and GFAP (astrocyte
marker) by Western blot analysis were significantly enhanced in
striatal lesions from the AAV-DJ-82Q group compared to the
sham and AAV-DJ-18Q groups (Figures 3A,B). In agreement
with these results, the intensity of Iba-l-immunoreactive
microglia was increased within or around striatal lesions from
AAV-DJ-82Q group and the immunoreactive cells displayed
activated forms with an enlarged cell body and short and
thick processes, as compared to the sham and AAV-DJ-
82Q groups, which generally displayed the typical morphology
of resting cells with small cell bodies and thin processes
(Figures 3C-E), as previous described (Cho et al., 2008; Jang
et al., 2013, 2014; Jang and Cho, 2016; Lee et al, 2016a).
The intensity of GFAP-immunoreactive astrocytes was also
increased within or around striatal lesions from the AAV-DJ-
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FIGURE 2 | AAV-DJ-82Q injection enhances mutant huntingtin (HTT)
expression and induces neurodegeneration in the striatum. (A-E) Eight weeks
after AAV-DJ-82Q-injection, the striata from sham, AAV-DJ-18Q, and
AAV-DJ-82Q groups (n = 7 per group) were analyzed by Western blot to
investigate change in protein expression of HTT (clone, 2Q75 and EM48),
NeuN, DARPP32 and cleaved caspase-3 (A-C) and then quantified
concerning the ratio of protein to total GAPDH for each sample (D).

(A-C) show a representative Western blot. ANOVA test; *p < 0.05 and
#p < 0.01 vs. sham and AAV-DJ-18Q groups. (E-M) Striatal sections

(n = 2 per brain) from each group (n = 7 per group) were accomplished by
immunofluorescence stain using anti-HTT (clone, EM48, red) (E-G), NenN
(green) (H-J), and cleaved caspase-3 (green) (K-M) antibodies. Scale bar
denotes 100 wm.

82Q group, as compared with those of the sham and AAV-DJ-
18Q groups (Figures 3F-H). However, AAV-DJ-82Q-injection
did not significantly affect the protein expression of Olig2 (a
marker of oligodendrocytes) (Figures 3A,B). Since activated
microglia and astrocytes are involved in the inflammatory
response (Lobsiger and Cleveland, 2007), we measured the level
of expression of representative inflammatory mediators in the
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FIGURE 3 | AAV-DJ-82Q-infection induces microglial and astroglial activation
and 263-270 inflammation in the striatum. (A-F) Eight weeks after the
AAV-DJ-82Q-injection, the striata from sham, AAV-DJ-18Q, and AAV-DJ-/82Q
groups (n = 7 per group) were analyzed by Western blot to investigate change
in protein expression of Iba-1, glial fibrillary acidic protein (GFAP), and Olig2
(A) and then quantified as the ratio of protein to total GAPDH for each sample
(B) ANOVA test; *p < 0.05 vs. sham and AAV-DJ-18Q groups. (C-H) Striatal
sections (n = 2 per brain) from each group (n = 7 per group) were
accomplished by immunofluorescence stain using anti-lba-1 (C-E), and GFAP
(F-H) antibodies. Scale bar denotes 100 wm. (I-K) Eight weeks after
AAV-DJ-82Q-injection, the striata from sham, AAV-DJ-18Q, and AAV-DJ-82Q
groups (n = 7 per group) were analyzed by Western blot to investigate change
in protein expression of TNF-a, IL-6, INOS, COX-2, p-IkBa, p-NF-«B, p-signal
transducer and activator of transcription (STAT3) and GAPDH (I) and then
quantified concerning the ratio of protein to total GAPDH for each sample
(J,K). (I) show a representative Western blot. ANOVA test; *p < 0.05 vs.
sham and AAV-DJ-18Q groups.

striatum 8 weeks after AAV-DJ-82Q injection by Western blot
analysis (Figures 3I-K). Little or no expression of TNF-q,
IL-6, iNOS and COX-2 proteins were detected in the striatum
of sham and AAV-DJ-18Q groups, whereas their expressions
were significantly enhanced in the striatum from the AAV-
DJ-82Q group (Figures 3L]J). Additionally, we measured levels

of activation of NF-kB and STAT3 pathways as representative
inflammatory pathways. As expected, expression levels of
p-IkBa, p-NF-kB, and p-STAT3 were significantly increased in
the striatum of the AAV-DJ-82Q group (Figures 31-K). These
findings suggest that the AAV-DJ-82Q-infection may produce
striatal cell death and neurological dysfunction by inducing
the activation of microglia, astrocytes and the inflammatory
response.

AAV-DJ-82Q Vector Infects Neurons,
Microglia and Astrocytes, but Not
Oligodendrocytes

The EM48-immunoreactive mutant HTT aggregates were
densely spread in the striatal area from the AAV-DJ-82Q
group (Figure 2G). However, it is unclear whether the
aggregates are expressed in specific cell types. To investigate
this, immunofluorescence staining was done using NeuN, Iba-1,
GFAP, and Olig2 antibodies, as a marker of neurons, microglia,
astrocytes, and oligodendrocytes, respectively. EM48-positive
aggregates were predominantly expressed in the nucleus and
cytoplasm of neurons, microglia, and astrocytes (Figures 4A-C).
These aggregates were co-stained with NeuN (23.1 £ 1.5%;
454 + 5.2 co-stained cells of 193.0 £ 8.7 NeuN-positive
cells), Iba-1 (19.5 £ 1.3%; 14.0 £ 1.5 co-stained cells of
71.0 £ 3.6 Iba-1-positive cells), and GFAP (11.8 £1.1%;8.1 1.2
co-stained cells of 67.3 £+ 3.9 GFAP-positive cells) antibodies
(Figures 4A-C). However, these aggregates were not co-stained
with Olig2 antibody (Figure 4D). These results indicate that
AAV-DJ-82Q can infect specific cell types in striatum and induce
HD-like pathology.

DISCUSSION

In the development of new therapeutic strategies for
neurodegenerative disorders such as HD, animal models
recapitulating the etiology, pathology and molecular mechanisms
described in patients are positively necessary. However, currently
a lot of animal models do not reproduce the critical therapeutic
mechanisms/targets of the diseases (Crook and Housman, 2011;
Pouladi et al., 2013; Menalled and Brunner, 2014). To help
these challenges, various viral vectors for gene delivery and gene
therapy within the nervous system have been developed over the
past several decades. The studies have revealed the seemingly
unlimited possibilities for viral vector systems in deciphering
the nature of neurodegenerative disorders, such as HD, and so
for the development of eradication regimens (Ruiz and Déglon,
2012). Despite several published reports using lentiviral and
AAV vectors to model HD by over-expression of mutant HT'T,
neuroscientists in the field of HD have a much smaller selection
of vectors to choose from. In the present study, we developed
a novel animal model that was based on over-expression
of human mutant HTT via a bilateral intrastriatal injection
by AAV-DJ-82Q into juvenile mice. The mice over-express
the transgene in the striatum beginning as juveniles and
extending into adulthood. Our findings demonstrated that,
after intrastriatal injection of mutant HTT into juvenile mice,
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FIGURE 4 | AAV-DJ-82Q vector successfully infects neurons, microglia and
astrocytes. Eight weeks after the AAV-DJ-82Q-injection, the striatal sections
(n = 2 per brain) from sham, AAV-DJ-18Q and AAV-DJ-82Q groups (n = 7 per
group) were analyzed by double immunofluorescence stain using anti-EM48,
NeuN, Iba-1, GFAP and Olig2 antibodies (A-D). Lower panels in (A-D) display
high magnification micrographs of the areas marked with (a~h) in upper
panels. Scale bar denotes 50 um.

adult mice over-expressed mutant HTT, displayed neuronal
loss, and showed striatal neuroinflammation, resulting in motor
dysfunction. In particular, mutant HTT predominantly infected
neurons, microglia, and astrocytes. Our findings suggest that
the AAV-DJ-82Q-injected mouse model may be a helpful tool
to study the pathophysiology of mutant HTT-associated disease
and to develop efficacious therapeutic strategies in translational
research.

Several types of N-terminal Tg (R6/1, R6/2, N171-82Q),
full-length (YAC128, BACHD) and knock-in (Hdh?'!'') models
have been generated to investigate the pathogenicity of HD
and to discover therapeutic approaches (Pouladi et al., 2013;
Menalled and Brunner, 2014). The in vivo models have
revealed behavioral disorders including movement deficits,
striatal neurodegeneration, electrophysiological dysfunctions,
intracellular aggregates, and alteration of transcriptional factors

(Pouladi et al., 2013; Menalled and Brunner, 2014). However,
each model has different characteristics and so their results
are not absolutely reproducible concerning some critical
characteristics of HD pathology, such as clear neurodegeneration
in the striatum or reduced life span (Crook and Housman,
2011). In addition, the research can experience difficulty in
maintaining the animal strains. Problems include breeding
failure and the high cost of maintaining the animals in the long-
term. Our AAV-DJ-82Q model displayed clear motor deficits
by pole and rota-rod tests, which were evident in the short
term (at least 4-5 weeks following injection) by the onset
of behavioral dysfunction as well as striatal degeneration and
cellular aggregates. These results suggest that AAV-DJ-82Q
model may be more helpful than others.

In the last two decades, there have been several attempts
to develop the ideal vector (vehicle) for gene transfer to the
central nervous system (CNS). Presently, recombinant AAVs are
one of the preferred vectors, because their stable transduction
of dividing and non-dividing cells, strong neural tropism, low
risk of insertional mutagenesis, and reduced immune responses
(Blessing and Déglon, 2016; Grieger et al., 2016; Saraiva et al.,
2016). According to many studies that measured the ability
of AAV serotypes to target the CNS, when administrated
into the brain parenchyma of rodents, most of the serotypes
(1, 2, 4, 5, 8 and 9) transduced neurons and glia in the CNS
areas including striatum, hippocampus and neocortex (Ruiz and
Déglon, 2012; Watakabe et al., 2015; Ceccarelli et al., 2016;
Saraiva et al., 2016). Other serotypes, such as AAV-DJ, are
potentially useful but have been less well examined (Cearley
and Wolfe, 2006; Klein et al., 2008; Aschauer et al, 2013;
Holehonnur et al.,, 2014). AAV-D]J is a synthetic serotype with
a chimeric capsid of AAV-2, 8 and 9. AAV-D] contains a
heparin-binding domain in its capsid, which may efficiently
transduce a broad range of cell types and escape from immune
neutralization (Grimm et al., 2008). However, AAV-D]J has been
available only recently and so relatively little is known about
its optimal preparation/purification and application. In present
study, we injected the striatum bilaterally with 0.62 x 102 GC
and 1.23 x 10'2 GC in 2.0 ul of AAV-DJ-82Q per side, as
is done with other vectors. The higher dose of viral injections
produced more serious movement disorder in the pole and
rota-rod performance tests (Figures 1A,B). The movement
disorder progressively increased beginning 4-5 weeks following
injection and lasted at least by 8 weeks after the injection.
However, features of movement disorder were different to that
of N171-82Q Tg mice (expressing a mutant N-terminal fragment
of HTT), which displayed loss of coordination, hunched posture,
tremors, abnormal gait, and clasping of hindlimbs (Schilling
et al, 1999). In the present study, HTT aggregates were
observed only in the striatum, similar to the in vivo rat HD
model obtained by stereotaxic injection of AAV serotype nine
containing Exon1-Q138 mutant HTT (AAV-9-Q138) (Ceccarelli
et al,, 2016). However, the expression pattern was different
to that of N171-82Q Tg mice (Schilling et al., 1999). In the
latter, nuclear inclusions were observed in various areas of
the brain including the cerebral cortex, striatum, hippocampus,
and amygdala. Furthermore, neuritic aggregates were seen in
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several areas of the brain including the medial amygdala and
subthalamic nucleus (Schilling et al., 1999). In the present study,
HTT aggregates were observed in the nucleus and cytoplasm of
neurons, microglia and astrocytes, but not in oligodendrocytes
of striatum (Figure 4). However, in three HD mouse models
that express either full-length HTT (Hdh?'"™°, zQ175) or an
N-terminal exonl fragment (R6/2) of mutant HTT, the nuclear
inclusions were observed in neurons, microglia, astrocytes, and
oligodendrocytes (Jansen et al., 2017). In the present study,
mutant HTT aggregates were observed in 23.1 + 1.5% of
the NeuN-positive neurons, 19.5 £ 1.3% of the Iba-1-positive
microglia, and 11.8 & 1.1% of the GFAP-positive astrocytes
8 weeks after AAV-DJ-82Q injection. However, in the three HD
mouse models, at late stages of the disease, nuclear inclusions
were found in 30%-50% of the neurons, 30% of the S100B-
positive glial cells, 4%-10% of the GFAP-positive astrocytes,
3%-10% of the oligodendrocytes, and 0%-2% of the microglia
(Jansen et al., 2017). Nuclear inclusions were also present in
neurons and all studied glial cell types in human patient material
(Jansen et al., 2017). Like this, in our AAV-DJ-82Q model,
the expression pattern of mutant HTT aggregates was nearly
the same with the Tg mouse models previous reported. The
small differences may be explained by fundamental difference
between Tg model (congenital) and AAV model (acquired) or
among the AAV vector serotypes. Taken together, our results
demonstrate that the AAV-DJ-82Q vector can possibly infect
most functional classes of CNS, although our current data do
not discriminate endothelial cell and immature/undifferentiated
neural cells.

In the neurodegenerative diseases, microglia, resident
immunocompetent and phagocytic cells, are activated and
recruited/infiltrated around or into the lesions and serves as
scavenger cell (Lobsiger and Cleveland, 2007; Kabba et al., 2018).
Circulating peripheral immune cells (macrophages) may surpass
a compromised blood-brain barrier and encounter neurons
and microglia (Kadiu et al., 2005; Main and Minter, 2017).
Although this response is initiated to protect the CNS from the
harmful agents, the effect may be detrimental via releasing toxic
mediators in neurodegenerative lesions (Lobsiger and Cleveland,
2007). Astrocytes can be activated by products from dead cells
or infiltrated/activated immune cells within or around the lesion
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Adapentpronitrile, a New Dipeptidyl
Peptidase-IV Inhibitor, Ameliorates
Diabetic Neuronal Injury Through
Inhibiting Mitochondria-Related
Oxidative Stress and Apoptosis

Lu Yang't, Wenli Han?t, Ying Luo’, Xiangnan Hu3, Ying Xu*, Huan Li’, Congli Hu’,
Dan Huang?, Jie Ma', Yang Yang’, Qi Chen’, Yuke Li', Jiahua Zhang', Hui Xia’,
Zhihao Chen’, Hong Wang’, Dongzhi Ran' and Junging Yang'™*

" Department of Pharmacology, The Key Laboratory of Biochemistry and Molecular Pharmacology, Chongqing Medical
University, Chongqing, China, ? Laboratory Animal Center, Chongqing Medical University, Chongqing, China, ° Department of
Pharmacology, The Laboratory of Pharmaceutical Chemistry, Chongqing Medical University, Chongqing, China,

“ Department of Pharmaceutical Sciences, School of Pharmacy and Pharmaceutical Sciences, University at Buffalo,

The State University of New York (SUNY), Buffalo, NY, United States, ® Department of Pharmacology, The Laboratory of
Pharmaceutical Analysis, Chongqing Medical University, Chongqing, China

Our previous studies indicated that adapentpronitrile, a new adamantane-based
dipeptidyl peptidase-IV (DPP-IV) inhibitor, has a hypoglycemic effect and ameliorates
rat pancreatic B cell dysfunction in type 2 diabetes mellitus through inhibiting DPP-IV
activity. However, the effect of adapentpronitrile on the neurodegenerative diseases
has not been studied. In the present study, we first found that adapentpronitrile
significantly ameliorated neuronal injury and decreased amyloid precursor protein (APP)
and amyloid beta (AB) expression in the hippocampus and cortex in the high fat diet/STZ
rat model of diabetes. Furthermore, adapentpronitrile significantly attenuated oxidative
stress, downregulated expression of the pro-apoptotic proteins BAX, cytochrome c,
caspase-9, and caspase-3, and upregulated expression of the anti-apoptotic protein
Bcl-2, although there was no effect on GLP-1R expression. At 30 min post-injection
of adapentpronitrile (50 mg/kg) via the tail vein, its concentration in normal rat brain
was 0.2034 + 0.0094 ng/g. Subsequently, we further confirmed the neuroprotective
effects and mechanism of adapentpronitrile in HT22 cells treated with high glucose
(HG) and aluminum maltolate [Al(mal)s] overload, respectively. Our results showed
significant decreases in mitochondrial membrane potential (MTP) and Bcl-2 expression,
accompanied by a significant increase in apoptosis, reactive oxygen species (ROS)
generation, and the expression of pro-apoptotic proteins in HT22 cells exposed to these
stimuli. Adapentpronitrile treatment protected against neuronal injury, suppressed ROS
generation, and reduced MTP and mitochondrial apoptosis in HT22 cells; however,
DPP-IV activity was not detected. Our results suggest that adapentpronitrile protects
against diabetic neuronal injury, at least partially, by inhibiting mitochondrial oxidative
stress and the apoptotic pathway in a DPP-IV-independent manner.

Keywords: adapentpronitrile, DPP-IV inhibitor, neuron injury, mitochondrial apoptosis pathway, reactive oxygen
species
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INTRODUCTION

Diabetes is a multifactorial metabolic disease characterized by
hyperglycemia and high morbidity. The incidence of diabetes
has increased sharply in the last decade. Cognitive impairment
induced by neuronal injury is one of the chronic complications
of diabetes (Maher and Schubert, 2009; Biessels and Reagan,
2015; Baglietto-Vargas et al., 2016). Epidemiological studies show
that diabetes significantly increases the risk of dementia and
may finally develop into Alzheimer’s disease. f-Amyloid peptide
(AB), a neuropathological hallmark of AD, is accumulated
in specific brain regions (Hardy and Selkoe, 2002). Recent
research demonstrates that insulin increases extracellular AP
levels by elevating its secretion from neurons or modulating
y-secretase activity, and decreasing A degradation by inhibiting
AB-degrading enzymes (Gasparini et al., 2002; Phiel et al,
2003; Qiu and Folstein, 2006; Dineley et al., 2014). In addition,
numerous studies have demonstrated that oxidative stress and
mitochondrial abnormalities are common to the etiologies of
both diabetes and Alzheimers disease (Bosco et al., 2011;
Moreira, 2012). Hence, anti-diabetic agents might have important
clinical and social value in the treatment of AD.

Mitochondria are essential organelles with multiple functions
in energy metabolism, reactive oxygen species (ROS) generation,
and apoptosis induction. Neurodegenerative diseases, which are
induced by inflammation, oxidative stress, and metal and glucose
toxicity, are usually accompanied by mitochondrial dysfunctions
(Lin and Beal, 2006; Kumar and Gill, 2009; Verdile et al., 2015;
Kandimalla et al., 2016; Koliaki and Roden, 2016). Furthermore,
abnormal AP and tau proteins were shown to have a direct
impact on mitochondrial function (Schmitt et al., 2012). Amyloid
precursor proteins (APP) accumulates in mitochondrial import
channels, thereby resulting in mitochondrial dysfunction (Devi
et al., 2006). DuBoff et al. (2012) revealed that mitochondrial
elongation was significantly increased in hippocampal neurons
from tau transgenic mice. Thus, mitochondrial dysfunction is
implicated as a critical step toward neuronal death.

Although ROS play a vital role in cellular survival and
signaling pathways at physiological condition (cellular cycle
regulation, phagocytosis, and enzyme activation), excessive ROS
lead to a series of harmful effects including DNA, lipid and
protein damage, mitochondrial dysfunction, or even cell death
(Knock and Ward, 2011; Verbon et al., 2012; Son et al., 2013).
Because mitochondria are both targets and sources of ROS,
oxidant-induced mitochondrial dysfunction may lead to an
increased production of superoxide anion radicals by the electron
transport chain, thereby triggering a “vicious cycle” (Wallace,
2005). Oxidative stress is an important causative factor in the
pathogenesis of aging, diabetes, and neurodegenerative diseases,
which also cause remarkable accumulation of AB (Smith et al.,
2007; Valko et al., 2007; Chen et al., 2012; Manoharan et al., 2016).
In fact, persistent mitochondrial dysfunction and oxidative stress
contribute to apoptosis via the mitochondria-dependent caspase
cascade induced by the release of cytochrome ¢ into the cytosol
(Wallace, 2005).

The incretin hormone glucagon-like-peptide 1 (GLP-1),
secreted by enteroendocrine L-cells in response to ingestion

of nutrients, plays an important role in stimulating insulin
secretion, ameliorating glycemic control, and repairing p-cell
function. Since GLP-1 is degraded rapidly by dipeptidyl
peptidase-IV (DPP-1V), the inhibitors of which have been
regarded as appropriate agents to maintain blood glucose
levels. Pipatpiboon et al. (2013) found that DPP-IV inhibitor
vildagliptin could increase GLP-1 levels in both plasma and brain,
restore neuronal insulin receptor function, and prevent brain
mitochondrial dysfunction, thus ameliorating cognitive function
caused by high-fat diet (HFD) consumption. Saxagliptin
ameliorates AP, tau phosphorylation, and inflammatory
markers in a streptozotocin-induced model of Alzheimer’s
disease by increasing GLP-1 levels in the hippocampus
(Kosaraju et al, 2013). Saxagliptin is also regarded as a
novel therapeutic target for Parkinson’s disease via antioxidant,
anti-inflammatory, and antiapoptotic mechanisms (Nassar
et al., 2015). However, the lack of evidence demonstrating the
ability of these DPP-IV inhibitors to penetrate the blood-brain
barrier (Golightly et al., 2012), and the role of DPP-IV
inhibitors in the neuroprotective mechanisms remain to be
clarified.

Our previous study showed that adapentpronitrile (APPN,
CMD-05), an adamantane-based anti-diabetic agent synthesized
in our laboratory, exerted DPP-IV inhibitory activity in vitro,
and also mediated hypoglycemic functions in diabetic rats
(Ma et al,, 2017). Considering the neuroprotective effects of
vildagliptin and saxagliptin, we hypothesized that the new
DPP-1V inhibitor adapentpronitrile represents a novel agent for
the protection against neurodegenerative disease and neuronal
injury. The aim of the present study was to investigate the
neuroprotective effect and mechanisms of adapentpronitrile
in diabetic rat from the flowing aspects: (1) the effects of
adapentpronitrile on the neuronal injury were observed in
diabetic rat induced by HFD/STZ and in HT22 cells induced
by HG/aluminum maltolate [Al(mal)3]. (2) To primarily explore
the mechanism of adapentpronitrile in neuronal injury. (3)
Whether the neuroprotective mechanism of adapentpronitrile
was related to the classic DPP-IV-dependent pathway, the
adapentpronitrile concentration, and GLP-1R expression in
rat brain and the DPP-IV activity in HT22 cells were
detected.

MATERIALS AND METHODS

Chemicals

Adapentpronitrile (CMD-05; 98.9% purity) was synthesized by
Laboratory of pharmaceutical chemistry, Chongqing Medical
University (Patent apply number: 201610818878.5), and its
purity was detected by high-performance liquid chromatography
(HPLC).

Animals and Protocol

Sprague-Dawley (SD) male rats were obtained from Animal
Laboratory ~Administrative Center, Chongqing Medical
University (Chongging, China), and housed in the barrier
housing facility (SPF scale), which according with national
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standard “Laboratory Animal-Requirements of Environment
and Housing Facilities.” The care and experimental operation
of animal have conforming to “Chongqing Administration
Rule of Laboratory Animal.” The experimental procedures were
approved by the animal laboratory administrative center and the
institutional ethics committee of Chongqing Medical University
(License number: SYXK YU 2012-0001) and also in accordance
with the National Institutes of Health guidelines. All experiments
reviewed and approved by the Instructional Animal Care and
Use Committee (IACUC).

The experiments were performed in 70 male rats (aged
9 weeks, 80-100 g). The rats were housed in controlled conditions
of temperature (22 £ 2°C), relative humidity (50 £ 10%),
and 12/12-h light/dark cycle with water ad libitum. After a
week of acclimation, 10 rats were randomly selected and fed
with basal diet as the control group, 60 rats were fed a HFD
(20% sugar, 10% lard, 10% egg yolk, and 60% basal feed)
for 4 weeks to induce insulin resistance (Ma et al., 2017).
Diabetes was induced by a single intraperitoneal injection
of streptozotocin (Solarbio, China, $8050; STZ, 30 mg/kg),
which is particularly toxic to pancreatic beta cells in mammals.
Control rats were injected with the same volume of vehicle
(citrate buffer solution). Hyperglycemia was defined as blood
glucose >16.7 mmol/L, 72 h after STZ injection. Diabetic
rats were maintained on the HFD for 4 weeks and randomly
divided into following groups (n = 7): HFD/STZ group (0.5%
CMC-Na), low dose group (adapentpronitrile 1.5 mg/kg),
high dose group (adapentpronitrile 4.5 mg/kg). The dose of
adapentpronitrile was based on our previous study (Ma et al.,
2017). Diabetic rats in the adapentpronitrile groups were
chronically administered adapentpronitrile (4.5 or 1.5 mg/kg) for
30 days via the intragastric route, while the control and model
groups received the same amount of vehicle (0.5% CMC-Na;
Figure 1).

After administration, three rats in each group were randomly
selected and used for histopathological examination, and the
remaining four rats were used for biochemical examination and
Western blot.

HE Staining Observation
Three rats in each group were randomly selected and
transcardially perfused with phosphate-buffered saline (PBS).

Then, the brain tissues were isolated and fixed overnight in 4%
paraformaldehyde. After embedded by paraffin, serial sections
(5 pm) of brain tissue were obtained, which were stained by
hematoxylin-eosin (HE). Proceed as follows: dewaxing in xylen,
hydration in alcohols, HE staining, dehydration in alcohols,
transparent in xylen and mounting with neutral resins. Ten
consecutive fields were selected randomly from the hippocampal
and cortical neurons, and the morphological changes were
observed under an optical microscope (Olympus, Japan) at 400 x
magnification (Guo et al., 2016).

Measurement of SOD Activity and MDA
Content

After anesthesia of another four rats in each group, the cortex
and hippocampus were separated on an ice plate and washed
by normal saline. Then the isolated tissues were dried and
stored at —80°C until use. The superoxide dismutase (SOD)
activity and malondialdehyde (MDA) content were measured
using the Total Superoxide Dismutase Assay Kit (Beyotime,
China, S0101) and the Lipid Peroxidation MDA Assay Kit
(Beyotime, China, S0131), respectively. The protein content was
determined using the BCA Protein Assay Kit (Beyotime, China,
P0010S).

Measurement of Adapentpronitrile

Concentration

Male SD rats (200-220 g) were injected a single dose of
adapentpronitrile (50 mg/kg, n = 4) via tail vein after fasting
12 h. At 30 min post-injection, blood samples were collected from
abdominal aorta and the brain tissues were isolated on ice (Ma
et al, 2017). Plasma was obtained after centrifugation. Then the
plasma and isolated brain tissues were stored at —80°C until used.

Pipette 100-uL plasma samples and 200-pL acetonitrile
[containing 500-ng internal standard (IS)] into 1.5-ml eppendorf
tube. After that, the mixture was centrifuged for supernatant at
12,000 x g for 15 min at 4°C.

The brain tissues were weighed and homogenized in a twofold
volume of acetonitrile containing 500 ng. Briefly, acetonitrile
was used to homogenize brain tissue according to a ratio
of 2-mL acetonitrile to 1-g tissue sample. The homogenates
were centrifuged for supernatant at 12,000 x g for 15 min
at4°C.

Control group basal diet
(n=10) 1week | 4 weeks [ 3days | 4 weeks | 30 days
/ o é Control group (n=10, 0.5% CMC-Na)
citrate buffer via intragastric route
solution ip. blood glucose
Model group | basal diet high fat diet basal diet
(n=60) 1 week 4 weeks [ 3days | 4 weeks 30 days
/0 < 6 HFD/STZ group (n=7, 0.5% CMC-Na)
STZi.p. Low dose group (n=7, APPN 4.5 mg/kg)
30mgl/kg blood glucose >16.7 mmol/L High dose group (n=7, APPN 1.5 mg/kg)
via intragastric route
FIGURE 1 | The general procedure of this study in vivo.
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Adapentpronitrile concentration in plasma and brain
were determined using an HPLC system equipped with a
UV detector. An octadecyl endcapped Phecda-C;g column
(250 mm x 4.5 mm, 5-pum particle size) and Waters universal
injector (100 pL capacity) were used. The optimum mobile
phase was identified and consisted of acetonitrile and 10 mmol/L
ammonium acetate (40:60, vol/vol). Samples (50 L) were
injected and a flow rate of 1 mL/min was equilibrated. The
elution was monitored at 204 nm. The system was operated at
the ambient temperature. Calibration curve was constructed
by plotting standard peak area vs. concentration. Recoveries
were calculated as the ratio of peak-area of the analyte from
the fortified samples to the corresponding peak-area ratio of
standard solutions.

Cell Culture

Immortalized murine hippocampal HT22 cell lines were obtained
from BNCC, China. HT22 cells were cultured in DME/F12
medium (Hyclone, United States) supplemented with 10% fetal
bovine serum (FBS; Hyclone, United States) and 1% 100x
penicillin-streptomycin (Gibco, United States) at 37°C and
5% CO».

In Vitro Glucose (HG)/Al(mal); Overload

Model

HT22 cells were plated in 96-well plates (8 x 10* neurons/mL).
The cells were divided into the control group (mannitol 100 mM)
and four HG overloaded groups (glucose 25-100 mM). The cells
were divided into the control group (maltol 600 M) and four
aluminum overloaded groups [Al(mal); 50-400 pM; Ma et al.,
2016]. After incubation, the relevant indicators were detected and
the optimum concentrations of HG and Al(mal); were selected in
following experiments.

HT22 cells were divided into the control, HG overload and
adapentpronitrile intervention groups induced by HG. HT22
cells were divided into the control group, Al(mal); overloaded
groups and adapentpronitrile intervention groups induced by
Al(mal)z. After incubation, the relevant indicators were detected
in following experiments.

MTT Assay

HT22 cells were cultured in the 96-well plates at 8 x 10*
cellsymL and subjected to HG or Al(mal); as described
above. After the intervention, 3-(4,5-dimethyl-thiazol-2-yl)-2,5-
diphenyl-tetrazolium bromide (MTT, 20 nL, 5 mg/ml; Sigma,
United States, M2128) was added per well. After 4 h of
incubation, the medium was removed, and 150 pL dimethyl
sulfoxide (DMSO) was added to solubilize the purple formazan.
Then, the plate shook slowly on the horizontal shaking table
free from light for 10 min at room temperature. Finally, optical
density (OD) was detected at 490 nm using a microplate reader
(BioTek, United States; Lobner, 2000).

LDH Leakage Rate Detection

Cell death was evaluated using the lactate dehydrogenase (LDH)
Cytotoxicity Assay Kit (Beyotime, China, C0017). HT22 cells

were cultured in 96-well plates at 5 x 10* cells/ml. After
HG or Al(mal); treatment for 36 h, the LDH leakage rate in
the cell culture supernatant was measured according to the
manufacturer’s instruction.

Flow Cytometry Analysis

HT22 cells were seeded in six-well plates at 8 x 10% cells/mL
and exposed to HG or Al(mal); as described above. After
the incubation period, cells were trypsinized without EDTA,
collected and suspended in 1 ml PBS. Apoptosis was determined
by flow cytometry using the Annexin V-FITC/propidium
iodide (annexin V/PI) apoptosis detection kits according to
the manufacturer’s protocol. Three separate experiments were
performed.

Transmission Electron Microscopy

Observation

The changes in mitochondrial ultrastructure were confirmed
by transmission electron microscopy (TEM) examination. After
treatment, HT22 cells were collected and fixed in glutaraldehyde
solution at 4°C. The fixed samples were sent to the electron
microscope center of Chongging Medical University for
microscopic observed and photographed.

DPP-IV Activity Determination

Supernatant of HT22 cells and lysed HT22 cells were collected
to measure DPP-IV activity in control group. Culture medium
and equivoluminal lysis buffer were collected and regarded as
blank group. DPP-IV enzyme assay was carried out according
to the manufacturers instructions. DPP-IV Activity Assay
Kits (AnaSpec, United States, AS-24098) were used according
the manufacturer’s instructions. In this assay, DPP4 cleaves
a substrate [H-Gly-Pro-7-amino-4-methyl coumarin (AMC)]
to release a quenched fluorescent group, AMC, which can
be easily detected using a fluorescence microplate reader at
excitation and emission wavelengths of 354 and 442 nm,
respectively.

TUNEL Assays

HT22 cells were cultured in cover slides and washed in
ice-cold PBS. Samples were fixed with 4% paraformaldehyde
for 15 min and permeabilized in PBS containing proteinase
K for 3 min at room temperature. Apoptosis was determined
using TUNEL FITC Apoptosis Detection Kits (Vazyme Biotech,
China, A111-02) according to the manufacturer’s protocol.
Apoptotic cells were observed using a fluorescence microscopy.
Four consecutive fields were selected randomly and the
apoptosis rate was calculated as the ratio of the number of
apoptotic cells to the total number of cells (expressed as a
percentage).

Mitochondrial ROS Assay

Mitochondrial ROS levels were measured using ROS Assay Kits
(Beyotime, China, S0033). 2/,7-Dichloro-dihydro-fluorescein
diacetate (DCFH-DA) is a non-fluorescent probe that can be
oxidized to the highly fluorescent derivative DCF by intracellular

Frontiers in Cellular Neuroscience | www.frontiersin.org

July 2018 | Volume 12 | Article 214


https://www.frontiersin.org/journals/cellular-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-neuroscience#articles

Yang et al.

DPP-IV Inhibitor Ameliorates Neuronal Injury

ROS. The cells were stained with 2-puM DCFH-DA and
incubated at 37°C for 20 min. Four consecutive fields were
selected randomly and the fluorescence intensity was measured
under a fluorescence microscope after removal of the culture
medium.

Mitochondrial Membrane Potential

(AV¥rm) Assay

The mitochondrial membrane potential (MMP, Avy,) was
measured using Mitochondrial Membrane Potential Assay Kits
with JC-1 (Beyotime, China, C2006). JC-1, a cationic fluorescent
dye, can be accumulated in the mitochondrial matrix to form
polymer, which gives off a strong red fluorescence. At low
MMP, JC-1 exists in the form of monomer in the cytoplasm
and vyields green fluorescence. The cells were strained with
JC-1 dye at 37°C for 20 min. After washing with dilution
buffer, four consecutive fields were selected randomly and
the fluorescence intensity was measured under a fluorescence
microscope.

Western Blot Analysis

After treatment, HT22 cells were washed in ice-cold PBS
and lysed by RIPA lysis buffer containing phosphatase and
protease inhibitors. The samples were collected and centrifuged
at 12,000 x g and 4°C for 15 min, after incubated for 20 min
on ice. The supernatant was collected and the total protein
concentrations were measured with a BCA protein assay kit
(Beyotime, China, P0010S). Loading buffer (Beyotime, China,
P0015L) was added into the remaining supernatant and boiled
at 100°C for 10 min. Ultimately, samples were stored at —20°C
for further research.

Forty milligrams of rat cortex or hippocampus (n = 4)
was added to 0.4 ml of RIPA Lysis Buffer for protein
extraction and was centrifuged at 12,000 x g for 15 min
at 4°C after homogenization. The supernatant
collected and determined with the BCA protein assay kit
(Beyotime, China, P0010S) for protein concentrations.
The remaining supernatant was mixed with Loading
buffer (Beyotime, China, P0015L) and boiled at 100°C for

was

10 min. Finally, samples were stored at —20°C for further
research.

According to the Cell Mitochondrial Isolation kit (Beyotime,
China, C3601), the mitochondria can be separated quickly and
conveniently, and the cytoplasmic protein can be obtained to
study the release of mitochondrial proteins to the cytoplasm, such
as cytochrome c.

Equal amounts of protein (20 mg) were separated by sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE).
The proteins were then transferred to PVDF membranes
(Millipore, United States) and blocked with 5% bovine serum
albumin (BSA) in Tris-buffered saline/Tween-20 (TBST) bufter
for 4 h at room temperature. Membranes were probed overnight
at 4°C with primary antibodies for specific detection of
APP (dilution 1:500; Boster, China, BA0581), Af (dilution
1:1000; Abcam, United Kingdom, ab62658), GLP-1R (dilution
1:500, Bioss, China, bs-1559R), Bcl-2 (dilution 1:500; Abcam,
United Kingdom, ab196495), Bax (dilution 1:400; Proteintech,
China, 50599-2-Ig), cytochrome ¢ (dilution 1:1000; Abcam,
United Kingdom, ab133504), caspase-9 (dilution 1:1000; Abcam,
United Kingdom, ab184786), caspase-3 (dilution 1:1000; Abcam,
United Kingdom, ab184787), and -actin (dilution 1:3000;
Proteintech, United States, 60008-1-Ig; Table 1). The blots
were incubated with HRP-conjugated secondary antibodies
(dilution 1:2000; Table 1) at room temperature for 1 h.
Finally, immunoreactive bands were visualized by ECL (Bio-Rad,
United States) and quantified using Image Lab software
(Bio-Rad, United States). All experiments were performed in
triplicate.

Statistical Analysis

All investigators were complete randomization in the
implementation process of experiments. All experiments
were repeated at least four times, and representative results
are shown. Data were presented as mean =+ SD. Statistical
analysis was carried out using SPSS 17.0 (SPSS Inc. Chicago, IL,
United States). Normal distribution of data and homogeneity
of variance were determined by Shapiro-Wilk test and one-way
analysis of variance (ANOVA) test, respectively, followed

TABLE 1 | List of primary and secondary antibodies used in the study.

Host Dilution Supply Cat. No. Application

Primary antibody

APP Rabbit 1:500 Boster BA0581 wWB
AB Rabbit 1:1000 Abcam ab62658 WB
GLP-1R Rabbit 1:500 Bioss bs-1559R WwB
Bcl-2 Rabbit 1:500 Abcam ab196495 wB
Bax Rabbit 1:400 Proteintech 50599-2-1g WB
Cytochrome ¢ Rabbit 1:1000 Abcam ab133504 WB
Caspase-9 Rabbit 1:1000 Abcam ab184786 WB
Caspase-3 Rabbit 1:1000 Abcam ab184787 WB
B-Actin Mouse 1:3000 Proteintech 60008-1-1g WwB
Secondary antibody

Anti-mouse HRP Goat 1:2000 Proteintech SA00001-1 WB
Anti-rabbit HRP Goat 1:2000 Proteintech SA00001-2 WwB
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by Dunnett-t type multiple comparison tests. P < 0.05 was
considered to indicate statistical significance.

RESULTS

Effects of Adapentpronitrile on
Pathomorphology and the Expression of
APP and Ag Proteins in Hippocampus
and Cortex of Rat

Histopathological examination revealed that the neurons were in
clear and intact structure, and arranged regularly in the control
group. By contrast, HFD/STZ group showed severe hippocampal
and cortical neurons injuries including karyopyknosis,
hyperchromatic nuclei, and cell loss. Administration of
adapentpronitrile (4.5 mg/kg) obviously ameliorated the
pathomorphological injury in the hippocampus and cortex
(Figure 2A).

As shown in Figure 2B, the expression of APP and Af
proteins elevated significantly in HFD/STZ-treated rat, while
adapentpronitrile (4.5 mg/kg) significantly blunted the changes
of APP and A protein expressions.

Effects of Adapentpronitrile on Oxidative
Stress in the Hippocampus and Cortex of

Rat

Both hippocampal and cortex SOD activity in HFD/STZ
group significantly decreased compared with the control group.
Adapentpronitrile treatment reversed the decrease of SOD
activity (Figure 3A). Both hippocampal and cortex MDA content
in HFD/STZ group significantly increased compared with the
control group. Adapentpronitrile administration significantly
blunted the increase of MDA content in HFD/STZ rats
(Figure 3B).

Effects of Adapentpronitrile on GLP-1R
and Mitochondria-Dependent Apoptosis
Protein Expression Induced by HFD/STZ
in the Rat Hippocampus and Cortex

Glucagon-like-peptide 1 is an incretin hormone, which plays
a role in controlling synaptic plasticity and reversing memory
impairment. As shown in Figure 4, there were no significant
difference among these four groups in the protein expressions
of GLP-1R. On the basis of this evidence, we deduced that the
mechanism underlying the protective effects of adapentpronitrile
may be GLP-1 independent.

Therefore, we also examined the impact of adapentpronitrile
on the expression of the apoptosis-related proteins. The
expression of the anti-apoptotic Bcl-2 was significantly decreased
in HFD/STZ group, whereas the expressions of the pro-apoptotic
proteins Bax, cytochrome c, caspase-9, and caspase-3 were
significantly increased. However, all the alterations were
significantly reversed by adapentpronitrile (4.5 mg/kg) treatment
(Figure 4).

Concentration of Adapentpronitrile in the

Rat Plasma and Brain Tissue

To confirm the ability of adapentpronitrile to permeate the BBB
to protective against neuronal apoptosis, we used a HPLC method
to determine the concentration of adapentpronitrile in rat
plasma and brain tissue. According to HPLC methodology, the
maximum ultraviolet absorption of adapentpronitrile is 204 nm,
the quantitation limit and the detection limit were 0.03 pg/ml
(S/N =10) and 0.09 pg/ml (S/N = 3), respectively. The standard
curve of adapentpronitrile had good linear relation in the range of
0.1-10 pg/mL in plasma, the equation was Y = 0.5267X-0.0796
(r = 0.9997, n = 4). The intra-day and inter-day precision RSD
were 3.66-8.71 and 4.33-5.59%, respectively. The recovery of
adapentpronitrile was 82.19 & 6.57-118.21 =+ 3.72%, and which
has good stability in 48 h. The linear relation of adapentpronitrile
was excellent within the range of 0.09-5 pug/ml in brain tissue;
the equation was Y = 0.325X-0.0125 (r = 0.9999, n = 4).
The intra-day and inter-day precision RSD were 1.71-5.69 and
3.77-4.54%, respectively. The recovery of adapentpronitrile was
106.68 £ 2.47-117.50 £ 5.10 and which has good stability
in 48 h. These methods are stable, sensitive, and practicable
for examination of adapentpronitrile distribution. As shown in
Figure 5, HPLC-MS was confirmed to have good specificity to
detect adapentpronitrile.

As shown in Table 2, the adapentpronitrile concentrations
in plasma and brain were 2.8002 £ 0.5691 pg/100 pL and
0.2034 =+ 0.0094 ng/g, respectively. Therefore, these data
confirmed that adapentpronitrile permeates the BBB.

Establishment of HG Overload Model in
HT22 Cells

To determine whether adapentpronitrile could protect neurons
from HG injury, HT22 cells were treated with appropriate
concentration of glucose (HG) to establish the neuronal damage
model in vitro. As is shown in Figure 6A, treatment of
glucose caused cytotoxicity in HT22 cells in a time- and
concentration-dependent manner, showing that treatment of
200-pM glucose for 36 h resulted in a suitable neuronal injury
model (66.24%).

The LDH leakage rate and apoptosis rate were elevated with
the increase of glucose concentration, and treatment of 75-mM
glucose led to a suitable LDH leakage rate (20.02%) and apoptosis
rate (21.62%) for model establishment (Figures 6B,C).

As shown in Figure 6D, the cell number decreased with
concentration of glucose from 25 to 100 mM, illustrating that cell
proliferation was inhibited by HG.

Based on these results, the treatment of 75 mM glucose for 36 h
was used in further experiments.

Adapentpronitrile Prevented HT22 Cells
Against HG-Induced Cytotoxicity

Prior to explore the effect of adapentpronitrile on HG-induced
cytotoxicity, the safety of adapentpronitrile on HT22 cells was
evaluated by MTT assay. Treatment with adapentpronitrile at
concentrations lower than 1 x 107> M did not caused significant
cytotoxicity in HT22 cells (Figure 7A).
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The results showed that treatment with adapentpronitrile
significantly increased the viability and reduced LDH leakage rate
induced by HG overload in a concentration-dependent manner
(Figures 7B,C). Treatment with adapentpronitrile (1 x 107> M)
could ameliorate the apoptosis rate and pathomorphological
change induced by 75-mM HG (Figures 7D,E). Therefore,
these results together indicated that adapentpronitrile

can inhibit neuronal apoptosis induced by HG overload
in vitro.

DPP-IV Activity in HT22 Cells

To confirm whether dipeptidyl peptidase IV (DPP-IV) exists in
HT22 cells. Supernatant from both HT22 cells incubation and
the HT22 cells lysate were collected to measure DPP-IV activity
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as the control group. Equivoluminal culture medium and lysis
buffer were collected and regarded as the blank group. As shown
in Figure 8, there was no significant difference in the fluorescence
intensity between the culture supernatant of HT22 cells and that
of the cell-free control. There was also no significant difference
in the fluorescence intensity between HT22 cell lysates and that
of lysis buffer. Therefore, we concluded that DPP-IV activity was
not present in HT22 cells, and indicating the protective effect of
adapentpronitrile on neuronal injury in vitro is independent of
DPP-1V.

Adapentpronitrile Protected Against

HG-Induced Mitochondrial Apoptosis

As shown in Figures 9A-C, the numbers of TUNEL-positive cells
and the ratio of green to red fluorescence of JC-1 and ROS level
were significantly increased in the HG-overload group, while a
reduction was noted in the adapentpronitrile-treated group.

The changes in mitochondrial ultrastructure were confirmed
by TEM examination. As is shown in Figure 9D, in the
control group, the nuclei of HT22 cells were round or oval
with regular shape and evenly distributed chromatin, and
the mitochondrial morphology was normal with a complete
structure. In HG overload group, the chromatin was aggregated
at the nuclear membrane, the mitochondrial cristae were thick
and short accompanied with apoptotic bodies, thereby indicating
the occurrence of mitochondrial fission; all alterations were
ameliorated by adapentpronitrile treatment.

Effect of Adapentpronitrile on
Mitochondria-Dependent
Apoptosis-Related Protein Expression

Caused by HG in HT22 Cells

As shown in Figure 10, exposure of HT22 cells to 75 mM
HG for 36 h significantly decreased the expression of the
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anti-apoptotic protein Bcl-2 and increased the expression of
the pro-apoptotic proteins Bax, cytochrome ¢, caspase-9, and
caspase-3. All alterations in the expression of apoptosis-related
proteins were reversed by adapentpronitrile treatment. Our
results indicated that adapentpronitrile protects against HG-
induced cell apoptosis via the mitochondrial apoptotic pathway.

Establishment of Al(mal); Overload
Model in HT22 Cells

To determine whether adapentpronitrile could protect neurons
from non-HG injury, HT22 cells were treated with appropriate
concentration of Al(mal); to establish the neuronal damage
model in vitro. As is shown in Figure 11A, treatment of
Al(mal); caused cytotoxicity in HT22 cells in a time- and
concentration-dependent manner, showing that treatment of
200 wM Al(mal)z for 36 h resulted in a suitable neuronal injury
model (66.24%).

The LDH leakage rate and apoptosis rates were elevated
with the increase of Al(mal); concentration, and treatment
of 200 wM Al(mal); led to a suitable LDH leakage rate

TABLE 2 | Concentration of APPN in rat plasma and brain (mean 4 SD, n = 4).

Sample Unit Concentration
Plasma wg/mi 28.002 + 5.691
Brain no/g 0.2034 + 0.0094

(23.54%) and apoptosis rate (33.76%) for model establishment
(Figures 11B,C).

As shown in Figure 11D, the cell number decreased with
concentration of Al(mal)3 from 50 to 400 M, while only 400 uM
Al(mal); could contribute to a morphological change, illustrating
that cell proliferation was inhibited by Al(mal);.

Based on these results, the treatment of 200 M Al(mal); for
36 h was used in further experiments.

Adapentpronitrile Prevented HT22 Cells
Against Al(mal)s-Induced Cytotoxicity

The results showed that treatment with adapentpronitrile
significantly increased the viability and reduced LDH leakage
rate induced by Al(mal);-overload in a concentration-dependent
manner (Figures 12A,B). Treatment with adapentpronitrile
(1 x 107® M) could ameliorate the apoptosis rate and
pathomorphological change induced by 200 pM Al(mal)s
(Figures 12C,D). Therefore, these results together indicated that
adapentpronitrile can inhibit neuronal apoptosis induced by
Al(mal)z overload in vitro.

Adapentpronitrile Protected Against
Al(mal)3-Induced Mitochondrial

Apoptosis

As shown in Figures 13A-C, the numbers of TUNEL-
positive cells, the ratio of green to red fluorescence of
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JC-1 and ROS level were significantly increased in the
Al(mal); overload group, while a reduction was noted in
the adapentpronitrile-treated group. The photograph of TEM
showed that the chromatin was aggregated at the nuclear
membrane and the cristae of mitochondria was thick and
short in the Al(mal)s-overloaded group, which indicated
that mitochondrial fission was broadly raised, while all
alterations were ameliorated by adapentpronitrile treatment
(Figure 13D).

Effect of Adapentpronitrile on
Mitochondria-Dependent
Apoptosis-Related Protein Expression
Caused by Al(mal); in HT22 Cells

As shown in Figure 14, the expression of Bcl-2 protein was
significantly decreased in the Al(mal)s-overload group, whereas
the expressions of Bax, cytochrome c, caspase-9, and caspase-3
protein were significantly increased. All the alterations of
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FIGURE 7 | The effect of adapentpronitrile on HG-induced cytotoxicity in HT22 cells. (A) The cytotoxicity of adapentpronitrile on HT22 cells. Data were expressed as
mean £ SD of six independent experiments, and were analyzed statistically using one-way ANOVA, followed by Dunnett-t type multiple comparison tests. *P < 0.05
vs. the control group. (B) The effect of adapentpronitrile on the viability in HT22 cells induced by HG-overload. (C) The effect of adapentpronitrile on the LDH leakage
rate in HT22 cells induced by HG-overload. Data were expressed as mean + SD of six independent experiments, and were analyzed statistically using one-way
ANOVA, followed by Dunnett-t type multiple comparison tests. #P < 0.01 vs. the control group; *P < 0.05 and **P < 0.01 vs. the HG group, respectively.

(D) The effect of adapentpronitrile on apoptosis in HT22 cells induced by HG-overload. The representative images of flow cytometry analysis are shown. (E) The
effect of adapentpronitrile on the changes of cytomorphology in HT22 cells induced by HG overload. Representative images of experiments are shown. The
magnification of images were 100x and 200x, respectively. Scale bars were 200 and 100 pwm, respectively.
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apoptosis-related proteins were reversed by adapentpronitrile
treatment.

DISCUSSION
Alzheimer’s  disease is an  irreversible  progressive
neurodegenerative  disorder characterized by  cognitive

deficits and memory loss. Despite various strategies have
been explored, unfortunately, promising preclinical outcomes
were generally disappointing (Mullard, 2016). In recent years,
epidemiological studies suggest that diabetes mellitus is a risk
factor for Alzheimer’s disease, which may include three common
pathological properties as follows, cerebrovascular inflammation,
amyloid deposition, and impairment of brain insulin signaling
(Takeda et al., 2010; De Felice and Ferreira, 2014). Antidiabetic
agents, therefore, may have value in the treatment of AD.

In the present study, neuronal injury in rats was induced by a
HFD combined with low-dose STZ (30 mg/kg). It is postulated
that a persistent high-fat and high-sucrose diet contributes to
an accumulation of glucolipotoxicity and B cell dysfunction,
thereby leading to insulin resistance and hyperinsulinemia
(Li et al, 2015). STZ is particularly toxic to islet cells in
mammals and has been utilized to establish T2DM model, which
accelerates f cell dysfunction and insulin deficiency (Lenzen,
2008). The pathology of HFD/STZ model reflects the progression
from insulin resistance to hyperglycemia and hypoinsulinemia
associated with diabetes (Reed et al., 2000; Li et al., 2015). In our
previous study, we observed a reduction in p cell numbers by
approximately 40% in HFD/STZ rats, which consistent with those
observed in reports of patients with diabetes in the clinic (Butler
et al., 2003; Ma et al., 2017). It is well known that hippocampus
and cortex play an important role in the learning, cognition, and
memory, and is also one of the earliest signs of neurodegenerative
disorder such as Alzheimer’s disease. Numerous investigations
indicated that the atrophy and apoptosis of brain may occur in
type 2 diabetes, especially in the hippocampus and cortex, and
that may contribute to cognitive impairment (den Heijer et al.,
2003; McCrimmon and Ryan, 2012; Ho and Sommers, 2013;

Moran et al., 2013; Hirabayashi et al., 2016). In the present
study, we observed significant pathomorphological changes and
neuronal injury in the cortex and vulnerable hippocampal CA4
region following HFD/STZ insult. The protein expressions of
APP and AP, which are a major hallmark in the pathologic
progression of AD, were elevated significantly in both the
hippocampus and cortex of the HFD/STZ rats. These results
confirmed that the diabetic AD rat model was established
successfully.

Treatment with adapentpronitrile, a new DPP-IV inhibitor,
resulted in a dose-dependent amelioration of the pathological
changes in the hippocampal CA4 region of T2DM rats.
Furthermore, the abnormal protein expressions of APP and Af
were reversed. These findings demonstrate the protective effects
of adapentpronitrile against neuronal injury.

Glucagon-like-peptide 1, which is an incretin hormone
secreted mainly by intestinal L-cells, plays a vital role in
motivating insulin secretion, suppressing glucagon release, thus
ameliorating glycemic control (Holst, 2007; Ma et al., 2014).
In addition to the expression in peripheral tissues, the GLP-
1 receptor is expressed in the brain, particularly in the
hippocampus (Dunphy et al, 1998). Accumulating evidence
demonstrates that GLP-1 analogs play a role in controlling
synaptic plasticity and reversing memory impairment (Gault and
Holscher, 2008; McClean and Holscher, 2014). Moreover, GLP-
1 acts as a neurotropic factor by promoting proliferation and
inhibiting apoptosis. The half-life of endogenous GLP-1 in the
circulation is approximately 2 min due to its rapid degradation
by DPP-IV (Drucker and Nauck, 2006; Ranganath, 2008).
Therefore, DPP-IV inhibitors have been utilized to improve
glycemic control in the treatment of T2DM since the first agent
sitagliptin was approved by FDA in 2006 (Drucker and Nauck,
2006; Verspohl, 2009). DPP-IV inhibitors adapentpronitrile have
been shown to stimulate insulin biosynthesis and secretion,
improve glycemic control, and decrease HbAlc in diabetic rats
induced by HFD/STZ (Ma et al, 2017). In the present study,
adapentpronitrile significantly attenuated the neuronal injury
in the hippocampus and cortex of rats caused by HFD/STZ.
However, there was no significant difference among these
groups in the protein expressions of the GLP-1R, indicating
that the neuroprotective effects of adapentpronitrile are, at least
partially, independent of the DPP-IV pathway. Therefore, the
neuroprotective mechanism of adapentpronitrile remains to be
fully elucidated.

The neurotoxic mechanism of HFD/STZ might be attributed
to the overproduction of ROS. SOD is an important antioxidant
enzyme, which functions primarily as a free radical scavenger
to protect against oxidative stress. MDA, a biomarker of lipid
peroxidation, is generated via a series of enzyme reactions
(Del Rio et al, 2005). In the present study, we found that
the SOD activity was significantly decreased and the MDA
content was significantly increased in the brain of T2DM rat.
Adapentpronitrile treatment reversed the abnormal decrease in
SOD activity and increased MDA levels. These results further
confirmed the involvement of oxidative stress in the rat model
of diabetic neuronal injury induced by HFD/STZ, whereas
adapentpronitrile treatment improved the oxidative imbalance.
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Additionally, previous studies confirmed that oxidative
stress promotes mitochondrial dysfunction. The mitochondrial
respiratory chain can be impaired by mitochondrial dysfunction
to produce excess ROS and exacerbate oxidative stress even
further, forming a “vicious circle” (Vuceti¢-Arsi¢ et al.,, 2013).
Mitochondrial dysfunction initiates apoptosis by activating
caspase-dependent or caspase-independent pathways (Arun
et al, 2016). This process is regulated by the proteins
of Bcl-2 family, including Bcl-2, Bcl-xL, Bax, and Bak.
After a conformational shift, the pro-apoptotic proteins Bax
and Bak insert themselves into mitochondrial membranes,
where pro-apoptotic factors cytochrome ¢ is released into
the cytosol through the mitochondrial permeability transition
pore (MPTP) or other channels (Tait and Green, 2010).
Elevated cytosolic levels of soluble cytochrome ¢ can lead to
the increased cell mortality associated with neurodegeneration
(Perier et al, 2005). In our present study, expression of
the anti-apoptotic protein Bcl-2 was decreased significantly
in the cortex and hippocampus of HFD/STZ rats, while the
expression of mitochondria-associated pro-apoptotic proteins

were increased significantly; these alterations were reversed by
adapentpronitrile treatment. Thus, the current study indicates
that the neuroprotective effects of adapentpronitrile are mediated
via the mitochondrial apoptosis pathway.

Numerous studies suggest that disruption of the BBB is
associated with age, obesity, and diabetes, and could contribute
to early cognitive impairment (Tucsek et al., 2014; Montagne
et al., 2015; van de Haar et al., 2016; Xu et al., 2016). Extensive
research has revealed candidate drugs that have a better effect on
CNS diseases in preclinical studies, while the clinical application
has little or no effect. The main reason is that a candidate
drug has to be administered directly into the cerebrospinal fluid,
where it can enter the brain to mediate the neuroprotective
effect (Pardridge, 2011). Therefore, it is necessary to determine
whether a candidate drug can penetrate the BBB for the treatment
of CNS diseases. In the present study, adapentpronitrile was
detected in the brain of normal rats at 30 min after intravenous
injection, indicating that adapentpronitrile can penetrate BBB.
Hence, further studies are required to determine whether the
neuroprotective effects of adapentpronitrile are mediated direct
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or indirect action on neurons and whether the mechanism is
related to DPP-IV dependent or independent.

To imitate the hyperglycemic state in the CNS of diabetic
patients, we subjected HT22 cells, which are a neuronal cell
line derived from murine hippocampus, to HG treatment
in vitro. We found that neuronal injury aggravated with
the HG concentration increasing, which was ameliorated by
adapentpronitrile treatment.

In accordance with the results of our in vitro study,
adapentpronitrile significantly abrogated the increase in ROS
levels and neuronal apoptosis, and the decrease in MMP in
HT22 cells following HG insult. Furthermore, adapentpronitrile
treatment significantly increased Bcl-2 protein expression in
HT22 cells, while the expression of Bax, cytochrome c, caspase 3,
and caspase 9 proteins was decreased.

In order to further confirm the neuroprotection and
mechanism of adapentpronitrile, the cell injury model was
established by aluminum overload in HT22 cells. Metals play a
risk role in AD via the production of free radicals, including
iron, aluminum, mercury, copper, and zinc (Christen, 2000).
Extensive literature illustrated that the neurotoxic effects of
aluminum are beyond any doubt, and it cannot be discarded
that aluminum may contribute to the development of AD (Gupta
et al., 2005). Epidemiological evidence indicated that aluminum
concentrations of drinking water is associated to the prevalence
of AD with a dose-response relationship, and a similar link
between exposure and the prevalence were also reported in
elderly populations (Crapper et al., 1980; Rondeau et al., 2009).
Furthermore, elevation of aluminum content were observed in
the brains of patients with AD (Becaria et al., 2002), and it was
also detected in post mortem neurofibrillary tangles and senile
plaques of AD patients (Meiri et al., 1993). Both aluminum
and aggregated p-amyloid stimulate free radicals production and
contribute to mitochondrial dysfunction relating to the pathology
of AD. Al(mal)z is a salt forms of aluminum used to imitate
AD-like neuronal injury in vivo and in vitro for its stability
at physiological pH (Johnson et al., 2005). Our experimental
results showed that treatment of Al(mal); decreased the
viability and increase the LDH leakage rate in a concentration-
dependent manner, which was ameliorated by adapentpronitrile
treatment. Adapentpronitrile significantly blunted the reduction
of mitochondrial membrane potential, ROS overproduction,
of TUNEL-positive cell number and pro-apoptotic protein
expressions triggered by Al(mal);-overload.

To explore the association of the neuroprotective effect
of adapentpronitrile with DPP-IV inhibition, we determined
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Recent research has revealed that uncontrolled chronic neuroinflammation is closely
associated with diverse neurodegenerative diseases, by impairing blood-brain barrier
(BBB) function and astrocytic reaction. Endoplasmic reticulum (ER) stress is
conventionally linked to the loss of neuronal structure and function and should be widely
attenuated. This notion has been questioned by recent experimental studies, which
have shown that non-harmful levels of ER stress had numerous beneficial roles against
neurodegeneration, including neuroprotection and inhibition of cytokine production.
Here, we investigated the mild ER stress-based regulation of LPS-induced inflammatory
responses in astrocytes. Primary astrocytes were exposed to tunicamycin (TM), a
compound that activates ER stress, with or without the ER-stress inhibitor sodium
4-phenylbutyrate (4-PBA) before LPS treatment. Astrocytic activation, proinflammatory
factor production, and the extent of ER stress were assessed. In addition, the effect
of mild ER stress on astrocytes and BBB function was determined in vivo. Male
Sprague-Dawley rats received intracerebroventricular injections of TM with or without
intraperitoneal 4-PBA before LPS administration. The levels of astrocytic activation and
BBB permeability were measured after treatment. Our results showed that lower doses
of TM resulted in a mild ER-stress response without inducing cytotoxicity and tissue
toxicity. Non-toxic ER-stress preconditioning ameliorated LPS-induced overactivation
and inflammatory responses in astrocytes. Moreover, pre-exposure to non-lethal doses
of TM improved LPS-induced BBB impairment and cognitive ability dysfunction in rats.
However, 4-PBA, reversed the protective effect of TM preconditioning in vitro and in vivo.
We conclude that mild ER stress (“preconditioning”) can alleviate LPS-induced astrocytic
activation and BBB disruption. Our findings provide a better understanding for the
regulatory role of ER stress in neuroinflammation and indicate that mild ER stress might
have therapeutic value for the treatment of neurodegenerative diseases.

Keywords: endoplasmic reticulum stress, astrocytes, hormesis, blood-brain barrier, neuroinflammation,
neurodegeneration
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Wang et al.

ER Hormesis Protects Astrocytes

INTRODUCTION

Neurodegeneration is characterized by neuronal dysfunction and
death in the central nervous system (CNS) (Estes and McAllister,
2016). Emerging evidence indicates that sustained inflammatory
responses in the CNS associated with blood-brain barrier
(BBB)-disruption  contribute to neurodegenerative-disease
progression (Glass et al., 2010; Broux et al, 2015). Systemic
injection of lipopolysaccharide (LPS), a complex molecule
containing both lipid and polysaccharide parts, can elicit
neuroinflammation in the normal rat brain (Pintado et al., 2012).
Animals with LPS-induced neuroinflammation are therefore
frequently used as an experimental model for neurodegeneration
and cognitive disorders (Qin et al., 2007).

Considering the many essential functions of astrocytes in
the healthy CNS, astrocytic dysfunction might participate
in the propagation and regulation of neuroinflammation.
Astrocytes become activated in response to various stimuli,
from subtle inflammatory changes in their microenvironment to
massive neuronal damage (Sofroniew, 2015). Reactive astrocytes
appear to play vital roles in mediating the production of
proinflammatory effector molecules and amplifiers, such as
chemokines, cytokines, and reactive oxygen species. These
influence the state of surrounding cells (e.g., neurons, microglia,
and other astrocytes), thereby triggering neuroinflammation
leading to exacerbation of neurotoxicity and neurodegeneration
(Gorina et al.,, 2011).

At least one-third of all proteins in the cell are first
synthesized, folded, and structurally mature in the endoplasmic
reticulum (ER); then, they are transported to the membrane
compartment (Hetz and Mollereau, 2014). In astrocytes, the ER
acquires a central role in sensing cellular stress after protein
unfolding/misfolding in its lumen (known as ER stress), with the
consequent activation of a cellular response termed the “unfolded
protein response” (UPR). UPR is initiated by three principal
stress sensors: the inositol-requiring protein la (IREla)-spliced
X-box-binding protein 1 (XBP1ls) pathway, the activating
transcription factor (ATF)-6a pathway, and the protein kinase
RNA-like ER kinase (PERK)-eukaryotic translation initiation
factor 20 (EIF2a) pathway (Martin-Jiménez et al., 2017).

Endoplasmic reticulum stress in astrocytes has sometimes
been response mainly contributing to
neurodegeneration, which should therefore be broadly
attenuated (Martin-Jiménez et al., 2017). This notion is refuted
by rapidly growing evidence, which shows that non-harmful
levels of ER stress exert numerous beneficial functions that
improve outcomes in CNS inflammation (Hetz and Mollereau,
2014; Matus et al., 2014). These findings have been reinforced
by an array of related studies. A recent study showed that
pretreatment with ER stressors protected against amyloid-fB
toxicity to reverse memory impairment in Alzheimer’s disease
(AD) (Casas-Tinto et al, 2011). Similarly, maintaining ER
stress at a moderate level inhibits neuronal death in mouse
and Drosophila Parkinson disease (PD) models (Fouillet et al,
2014). It is significant to emphasize that the roles of ER stress in
neurodegenerative conditions are not stereotypically linear, but
instead context-specific and complex, as determined by the type,

viewed as a

severity, time, and duration of the insult. Specific mechanisms
need to be identified and addressed.

In cardiac surgery, myocardial ischemic preconditioning
is favorable for improving heart function. There is growing
awareness that low perturbations of ER function also trigger
a hormetic response, known as “ER hormesis,” which involves
a Dbiologically-favorable response induced by exposing a
cell/organism to non-lethal pharmacological ER stressors
(Matus et al., 2014). However, there have so far been few
scientific studies on the involvement of ER hormesis in
astrocytes. Therefore, in the current study, we aimed to elucidate
the effects of mild ER stress on LPS-induced inflammatory
responses in astrocytes and to investigate whether mild ER
stress exerts a protective effect against LPS-induced BBB
hyperpermeability.

MATERIALS AND METHODS

Animals

One hundred and seventy-four male Sprague-Dawley (SD)
rats (weight: 180-220 g) were used in the current study. All
experiments were performed according to the ethical guidelines
of the National Institutes of Health (NIH) guide for the Care and
Use of Laboratory animals (NIH Publications No. 8023, revised
1978) and approved by the Nanjing Medical University Animal
Care and Use Committee (IACUC-14030126). The rats were
housed under standardized conditions (12-h light/dark cycle,
22.0 £ 1.0°C, and 40% humidity), and water and food were
provided ad libitum. Based on the 3R principle for the ethical use
of animals in research, all efforts were made to reduce animal use
and suffering.

Intracerebroventricular Cannula

Implantation

Rats were implanted with an indwelling lateral
intracerebroventricular (icv) catheter for brain injection of
drugs as previously described (Zhang et al., 2016). The animals
were anesthetized (isoflurane, 2.1% inspired concentration in
0.3 FiO2) and placed on a stereotaxic apparatus. Stereotaxic
coordinates for the placement of the icv cannulas were 0.8 mm
rostral, 1.5 mm lateral to the bregma, and 3.7 mm ventral
from the dorsal surface of the skull. Rats were individually
housed after surgery and handled daily to familiarize the
animals with the investigators and to check the guide catheter.
Rats were allowed a minimum of 14 days to recover prior to
icv administration of pharmacological agents and/or other
experimental measurements.

Behavioral Tests

Trace fear conditioning, contextual assessment, and the Y-maze
test were performed. The molecular-biology tests and the
behavioral experiments were conducted using different animals.
The behavioral test design is briefly illustrated in Supplementary
Figure 1A. The specific methods can be found in the
Supplementary Material.
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Drug Administration

The well-known ER-stress inducer tunicamycin (TM) was diluted
in sterile saline containing 10% dimethyl sulfoxide (DMSO) to
create a stock concentration of 15 pg/pl. Then, 4-phenylbutyric
acid (4-PBA), a common ER-stress inhibitor, was diluted with
sterile saline to a concentration of 10 mg/ml and injected
intraperitoneally (ip) at a dose of 100 mg/kg according to a
previous study (Wang et al., 2017). LPS was dissolved in sterile
saline to the concentration of 50 pg/ml. Each rat was ip-injected
ata dose of 500 pg/kg, according to our previous study (Sun et al.,
2015).

Experimental Protocol and

Pharmacological Treatments

Experiment 1 (In Vivo)

Rats were divided into five groups (groups A-E), with 16 animals
in each group. Empty treatments were administered to the rats
in group A. Rats received either icv injections of 2 pl of vehicle
(group B), 2 pl of 0.15 pwg/pl TM (group C), 2 pl of 1.5 pg/pl
TM (group D), or 2 ul of 15 pug/ul TM (group E). These
concentrations were based on previous work from our laboratory
(Wang et al,, 2017). The study design is briefly illustrated in
Supplementary Figures 1B,C.

Experiment 2 (In Vivo)
Rats were randomly divided into five groups (groups A-E),
with 16 animals in each group. Rats in groups B, C, D, and E
received icv cannula implantation, while empty treatments were
administered to the rats in group A. Rats were administered an
intraperitoneal injection of 100 mg/kg 4-PBA (group E) or an
equivalent volume of sterile saline (groups B-D). Next, a dose of
2 pl of 1.5 pg/pl TM (groups D and E) or 2 ul of vehicle (10%
DMSO in saline) (group B and C) was injected through the brain
cannulas. One hour after 4-PBA/TM treatment, intraperitoneal
injections were administered (group B: normal saline; groups C,
D, and E: 500 pg/kg LPS). The experimental design is briefly
illustrated in Supplementary Figures 1D,E.

According to the “3R” principle of ethical animal use, the same
rats were used for group A in both experiments 1 and 2.

Experiment 1 (In Vitro)

Primary astrocytes were incubated for 24 h at different
concentrations of TM (0.1, 1, and 10 ng/ml). The study design
is briefly shown in Supplementary Figure 1F.

Experiment 2 (In Vitro)

Astrocytes were pretreated transiently with TM at 1 ng/ml with
or without 4-PBA for 1 h, followed by thorough washing to
remove the TM and 4-PBA, and incubated in fresh medium with
or without LPS for 24 h. The experimental procedure is briefly
illustrated in Supplementary Figure 1G.

Primary Astrocyte Cultures

Primary astrocyte cultures were prepared from neonatal (P1-P2)
rat brains as previously described (Xu et al., 2018). Briefly,
the cerebral cortices were isolated and digested at 37°C for
10 min in phosphate-buffered saline (PBS) containing 0.25%

trypsin-EDTA. The dissociated cells were passed through a
100-pm pore mesh to remove debris. The cell suspension was
seeded on poly-D-lysine-coated flasks in high-glucose Dulbecco’s
Modified Eagle’s medium supplemented with 10% fetal bovine
serum. The culture medium was changed for fresh solution
every 3 days. After 10 days of cultivation, astrocytes were
separated from the microglia by shaking for 5 h at 150 rpm. The
purity of the astrocytes was >95% as confirmed by anti-GFAP
immunochemical staining.

Cell Counting Kit-8 (CCK-8) Assay

Astrocytic viability was quantified using a CCK-8 assay based
on the manufacturer’ instructions (Beyotime, Shanghai, China).
Briefly, 10 pl of the CCK-8 solution was added to each well of a
96-well plate containing 3 x 10* astrocytes following treatment
with different concentrations of reagents and the absorbance
was measured after a 1-h incubation at 37°C at 450 nm using
a DTX-880 multimode microplate reader. Each experiment was
repeated at least three times.

Enzyme-Linked Immunosorbent Assay
(ELISA)

IL-6 and IL-1P levels in the astrocytic supernatant were
measured using ELISA kits from R&D Systems (Minneapolis,
MN, United States) according to the manufacturer’s instructions.
See the Supplementary Material for more information.

Western Blot Analysis

Hippocampal tissues and astrocytes were homogenized in RIPA
lysis buffer, which contained 50 mM Tris, 150 mM NaCl,
1% Triton X-100, 2 mM EDTA, 1.5 pg/mL leupeptin, and
1 mM phenylmethylsulfonyl fluoride. The lysate was centrifuged
for 20 min at 12,000 x g at 4°C. The protein content
was determined by BCA assay (Thermo Scientific, Waltham,
MA, United States), and 20 pg of protein was loaded per
lane on a modified sodium dodecyl sulfate polyacrylamide
gel electrophoresis. Separated proteins were transferred onto
polyvinylidene difluoride membranes (Milipore, Bedford, MA,
United States) and blocked for 1 h with 5% non-fat milk
in Tris-buffered saline with Tween 20. Blocked membranes
were probed overnight with specific primary antibodies diluted
in 5% non-fat milk according to the recommendation of
the manufacturer. After washing, membranes were incubated
with anti-rabbit or anti-mouse IgG-HRP secondary antibodies,
washed, and incubated with ECL reagent before exposure to
film. Densitometry analysis was performed with the Image Lab
software (Bio-Rad, Richmond, CA, United States) and quantified
using the gel analysis plugin for Image J (NIH, Bethesda, MD,
United States).

Immunohisto/Cytochemistry

The astrocyte culture medium was removed, and cells were
fixed with 4% paraformaldehyde (PFA) for 30 min. The cells
were then blocked with 5% bovine serum albumin containing
0.1% Triton X-100 for 1 h. Specific primary antibodies were
added at an indicated concentration and incubated overnight
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at 4°C. Following washes with PBS, the secondary antibodies
(Alexa-Fluor-conjugated) were added and incubated for 1 h at
37°C. The images were captured using a confocal microscope
(Zeiss LSM 510; Zeiss, Oberkochen, Germany).

Immunohistochemistry was used to determine the activation
of the astrocytes in the hippocampus. Briefly, rats were perfused
transcardially with 37°C saline followed by ice-cold 4% PFA. The
ipsilateral hippocampal tissue was removed and fixed for 1 h
in 4% PFA at 4°C. The tissue was sectioned at 15 pm with a
cryostat. Sections were incubated overnight with specific primary
antibodies followed by the appropriate secondary antibodies.
Confocal images were obtained with a confocal microscope (Zeiss
LSM 510).

The confocal microscope parameters were maintained
constant across all samples, and samples of different groups
were always processed in parallel. Fluorescence intensity was
quantified using Image] and normalized to the fluorescence
levels observed in untreated samples as described.

Evan’s Blue (EB) Extravasation

Two percent of EB dye (Sigma-Aldrich, St. Louis, MI,
United States) in 0.9% saline (5 mL/kg) was injected
intravenously (right femoral vein), and 30 min later, the
rats were perfused transcardially with 0.9% saline to remove the
intravascular blood and EB. Then, the brains were harvested
and homogenized in 0.5 ml of 50% trichloroacetic acid and
centrifuged at 10,000 x g for 10 min. EB concentrations
in supernatants were measured using spectrophotometry at
620 nm.

Statistical Analysis

Data are expressed as mean £ SEM. Two-tailed unpaired ¢-tests
were used for comparisons between two groups, and multiple
comparisons were evaluated using an appropriate ANOVA.
Post hoc comparisons were performed using Tukey’s test when
appropriate. The alpha level was set at P < 0.05.

RESULTS

Low Concentrations of TM Generated
Non-toxic, Mild ER Stress in Astrocytes

Many studies have shown that astrocytes may be vulnerable to
ER stress-induced cell apoptosis. Consequently, primary cultured
astrocytes were first exposed to different concentrations of TM for
24 h and their activities were tested using the CCK8 reagent. Our
results indicate that TM (<10 ng/ml) had no effects on the cell
viability of astrocytes compared to the control group (Figure 1A).
Therefore, doses of 0.1, 1, and 10 ng/ml were selected for the
subsequent experiments. The next experiment was conducted to
explore whether lower concentrations of TM could also cause
mild ER stress in astrocytes.

IREla initiates the most conservative signaling pathway of
ER stress that, upon phosphorylation, cuts the non-conventional
splicing of XBP-1 (XBP1u) mRNA into spliced-XBP1 (XBP1s)
mRNA, which encodes a transcription activator that regulates

ER protein folding (Gardner et al, 2013). Thus, to further
determine the extent of IRE1-signaling activation, we measured
the protein levels of p-IREla, XBP1s, and XBP1u using western
blot analysis with specific antibodies (Figure 1B). TM (0.1, 1,
and 10 ng/ml) significantly increased the expression levels of
p-IREla and XBP1s, while the same treatment reduced XBP1u
expression (Figures 1C,D). As a crucial stress sensor of ER
stress, PERK is a transmembrane kinase that phosphorylates
EIF2a at Ser51(Gardner et al., 2013). However, persistent EIF2a
phosphorylation paradoxically upregulates translation of ATF4
mRNA, which in turn activates pro-apoptotic components
such as the transcription of CCAAT/enhancer binding protein
(C/EBP) homologous protein (CHOP) (Hetz and Mollereau,
2014).

To characterize the activation kinetics of PERK signaling
of ER stress, we examined the expression of p-PERK and
its downstream products: p-EIF2a, ATF4, and CHOP using
western blot analysis. Compared with the control group,
p-PERK and p-EIF2a phosphorylation was modestly elevated at
concentrations of 0.1, 1, and 10 ng/ml TM (Figure 1C). It is worth
noting that lower doses of TM (0.1 and 1 ng/ml) were no longer
effective at increasing ATF4 and CHOP expression levels but that
high concentrations (10 ng/ml) did increase ATF4 and CHOP
expression (Figure 1E).

Similar results were also observed in the immunofluorescence
assay (Figures 2A,B). Consistent with the previous data,
increases of IREla phosphorylation were observed following
TM treatment (0.1, 1, and 10 ng/ml) in the primary cultured
astrocytes (Figure 2C). CHOP levels, in contrast, were not
changed in primary cultured astrocytes treated with TM at doses
of 0.1 or 1 ng/ml. The CHOP expression was only elevated in
response to the highest dose of TM (10 ng/ml) (Figure 2D).
These findings showed that lower concentrations of TM (0.1 and
1 ng/ml) triggered benign and mild ER-stress responses in the
astrocytes.

Mild ER Stress Attenuated LPS-Induced
Astrocytic Inflammatory Responses and

Overactivation

We observed that low concentrations of TM (0.1 and 1 ng/ml)
caused mild ER stress in the astrocytes but did not induce cell
death. In the following experiment, we therefore selected a dosage
of TM (1 ng/ml) to generate mild ER stress in the astrocytes. Next,
we investigated the effects of mild ER stress in LPS-stimulated
astrocyte activation.

TM Inhibited IL-18 and IL-6 Production in Primary
Cultured Astrocytes

Astrocytes were treated with LPS in the absence or presence
of TM. Because astrocytes participate in neuroinflammation
via the excessive secretion of proinflammatory factors, IL-6
and IL-1p were analyzed with ELISA. As the results shown
in Figure 3 illustrate, LPS enhanced the expression of IL-
1 and IL-6. Additionally, 1 ng/ml TM did not enhance,
but instead suppressed, LPS-induced proinflammatory factor
expression.

Frontiers in Cellular Neuroscience | www.frontiersin.org

July 2018 | Volume 12 | Article 222


https://www.frontiersin.org/journals/cellular-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-neuroscience#articles

Wang et al. ER Hormesis Protects Astrocytes
A B S o o
N & §F ®
© NSO
S S SR
S R
p-PERK ——_—
£
E 1507 t-PERK |— —— —‘
< PEF2a [0 e we .
o —— L
§ ’—e‘mo_ — tEIF2a W s S
§§ — p-IRE1c(| e — -‘
8% +IRE1a | S - -
Z3 501 T XBP1s [ w — —
=
€ " XBP1U [l s = |
3 . [] ATF4 -—
TM (ng/ml) 0 0.01 0.1 1 10 100 1000 10000 CHOP | - l
Tubulin [WS S - —]
mm Control = TM 0.1 ng/ml
=3 TM 1 ng/ml =3 TM 10 ng/ml
D E
e 300 *x 300 -
E 5 *x 5
g 2004 ‘g 200 *x *g’ 200
5 2 5
2 1004 o 100 100
o 5 x ©
e . e
0- 0 0
N> Ng ™ Q
§ 8 €
FIGURE 1 | Low doses of TM activated a non-toxic, mild ER stress in primary cultured astrocytes. (A) Primary astrocytes were treated with TM (0.01 to
10000 ng/ml) for 24 h followed by assessment of cell viability using the CCK-8 assay. (B) The expression levels of p-PERK, p-EIF2a, p-IRE1a, XBP1s, XBP1u, ATF4,
and CHOP in primary cultured astrocytes were detected by Western blotting using specific antibodies. (C) Phosphorylated levels of PERK, EIF2a, and IRE1a were
quantified and normalized to corresponding total levels. (D) Expression of XBP1s and XBP1u was quantified and normalized to Tubulin expression. (E) Expression of
ATF4 and CHOP was quantified and normalized to Tubulin expression. Each value was then expressed relative to that of the control group, which was set to 100.
All experiments were repeated three times. *P < 0.05, **P < 0.01 vs. control group. The data are presented as the mean + SEM.

TM Reversed LPS-Induced Astrocyte Activation

To further confirm the protective effects of TM on primary
astrocytes, GFAP expression levels corresponding to activated
astrocytes were tested with western blot analysis. LPS significantly
increased the expression of GFAP in primary cultured astrocytes
compared with the levels observed in the control group, but
these elevations were remarkably inhibited by TM pretreatment
(Figures 4A,B). To validate these findings, astrocytes were
labeled with GFAP by immunofluorescence (Figures 4C,D),
which also confirmed that TM can inhibit LPS-induced astrocytic
activation.

4-PBA Reversed TM-Induced Suppression of
Astrocytic IL-18, IL-6, and GFAP Production
Next, we examined whether mild ER-stress activation is
responsible for TM-mediated inhibition of astrocytic activation
and anti-inflammatory responses.

To test this hypothesis, we used a chemical chaperone, 4-PBA,
to reduce ER stress. Astrocytes were first subjected to TM

(1 ng/ml), individually or in the presence of 4-PBA at progressive
concentrations for 1 h before treatment with LPS (100 ng/ml) for
24 h. Our results indicate that treatment of the primary cultured
astrocytes with 1 ng/ml TM and 100 ng/ml LPS in the presence of
T 4-PBA (<1,000 pM) had no significant cytotoxicity (Figure 5).
We therefore selected a dose of 100 wM 4-PBA to ameliorate
ER stress in the astrocytes. The primary cultured astrocytes were
subjected to TM (1 ng/ml) and 4-PBA (100 wM) treatment for
1 h. Reperfusion was then performed by refreshing the astrocytes
with normal medium, containing 100 ng/ml LPS. As shown in
Figure 6A, there was a clear effect of 4-PBA against ER stress,
as it obviously decreased p-PERK, p-EIF2a, p-IRE1la, and XBP1s
protein levels and increased XBP1u protein levels compared to
non-PBA treated cells (Figures 6B-D).

Importantly, 4-PBA partially blocked the TM-mediated
inhibition of astrocytic activation and anti-inflammatory effects,
as reflected by the increased expression of IL-1p, IL-6, and GFAP.
We wondered whether this opposite effect was caused by the
cytotoxic effects of 4-PBA.
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FIGURE 2 | Mild ER stress increased p-IRE1a expression but had no effect on CHOP expression in primary cultured astrocytes. (A) Astrocytes were stained with
p-IRE1a antibody. p-IRE1a-immunopositivity in primary astrocytes was observed using confocal scanning. (B) Astrocytes were stained with CHOP antibody.
CHOP-immunopositivity in primary astrocytes was observed using confocal scanning. Blue staining represents DAPI. Scale bar = 25 um. (C) Quantitative data of the
mean intensity of p-IRE1a fluorescence in primary astrocytes. (D) Quantitative data of the mean intensity of CHOP fluorescence in primary astrocytes. Each value
was then expressed relative to that of the control group, which was set to 100. All experiments were repeated three times. *P < 0.05, **P < 0.01 vs. control group.
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Using the CCK-8 method, we excluded this possibility,
as coincubation with LPS (100 ng/ml), TM (1 ng/ml),
and 4-PBA (100 pM) for 24 h revealed no significant
cytotoxicity and did not affect cell viability (Figure 5).
Collectively, these data demonstrate that TM pretreatment
protected astrocytes by, at least partly, inducing mild ER
stress.

Mild ER Stress Ameliorated LPS-Induced

Cognitive Decline
To confirm the in vitro findings, we also examined the effects of
mild ER stress in vivo.

Our previous study showed that a 3-pg dose of TM
triggered mild and benign perturbations of ER function in
the rat hippocampus but did not induce drastic behavioral
alterations or death (Wang et al., 2017). In the following
experiment, rats were administered an icv injection of 3 pg
TM to induce mild ER stress followed by systemic LPS
administration.

Consistent with our previous experiment, LPS caused severe
memory impairment in rats, as reflected by a significant
reduction in freezing behavior and an improvement in
the number of learning trials (Sun et al, 20155 Wang
et al, 2017). Notably, TM pretreatment ameliorated
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FIGURE 3 | Mild ER stress inhibits proinflammatory cytokine IL-1p and IL-6 production in primary cultured astrocytes. (A) The levels of the proinflammatory factors
IL-1B were detected by ELISA. (B) The levels of the proinflammatory factors IL-6 were detected by ELISA. The data are representative of 3 independent experiments.
*P < 0.05, **P < 0.01 vs. control group. *P < 0.05, #P < 0.01 vs. LPS treatment group. *P < 0.05, P < 0.01 vs. TM treatment group. The data are presented
as the mean + SEM.

2000- —_—

IL-1B (pg/mL)
IL-6 (pg/mL)

A QQ,‘?' C
N
&® &QX GFAP DAPI Merge

S © oy <
s & &

GFAPI— == —|

Tubulin ! — - !

Control

B == Control = | PS
EILPS+TM B3 LPS+TM+4-PBA
LPS
250
@ ,_§ 200 kel A
g < 150 #
(@]
& %5 100
Lo
o o 50
R i LPS+TM
D
300
g _ o
&2 T
2 S 200 #
2o ‘
S ' LPS+TM+4-PBA
o T 100
P
o
=
o
0 T -

FIGURE 4 | Mild ER stress alleviated astrocyte activation. (A) The protein levels of GFAP were detected by Western blotting using specific antibody in the primary
astrocytes. (B) Expression of GFAP was quantified and normalized to Tubulin levels. Each value is expressed relative to that in the control group, which was set to
100. (C) Astrocyte was stained with GFAP antibody as indicated. Blue staining represents DAPI. Scale bar = 25 pm. (D) Quantitative data of the mean intensity of
GFAP fluorescence in primary astrocytes. Each value is expressed relative to that in the control group, which was set to 100. All experiments were repeated three
times. *P < 0.05, **P < 0.01 vs. control group. #P < 0.05, P < 0.01 vs. LPS treatment group. P < 0.05, ""P < 0.01 vs. TM treatment group. The data are
presented as the mean + SEM.

LPS-induced cognitive decline. However, concomitant results further substantiate our previous findings that
administration of 4-PBA partially reversed the cognitive mild ER stress can protect against LPS-induced cognitive
recovery conferred by TM (Figure 7). Therefore, these dysfunction.
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FIGURE 5 | The effects of 4-PBA on cell viability in primary astrocytes.
Primary cultured astrocytes were subjected to LPS and TM and treated with
the indicated dosage of 4-PBA. After 24 h of treatment, cell viability was
determined using CCK-8. All experiments were repeated three times.

*P < 0.05, **P < 0.01 vs. control group. The data are presented as the
mean + SEM.

Mild ER Stress Attenuated LPS-Induced
Astrocytic Activation in the

Hippocampus

The western blot analysis showed that systemic LPS
administration enhanced the expression of GFAP in the
hippocampi of rats, but these elevations were potently suppressed
by TM pretreatment. Similar to the in vitro results, 4-PBA
diminished the TM-mediated inhibition of astrocytic activation
in the hippocampus (Figures 8A,B). These western blot findings
were further validated by immunofluorescence (Figures 8C,D).
Our results therefore further confirmed that mild ER stress was
required for the TM-mediated protection.

Mild ER Stress Alleviated LPS-Induced

BBB Hyperpermeability

Mild ER Stress Counteracted LPS-Induced Albumin
Leakage in the Hippocampus

As BBB disruption leads to an extravasation of blood-borne
proteins, we examined the leakage of albumin to confirm the
integrity of the BBB. As shown in Figure 9A, LPS significantly
increased albumin levels in the hippocampus of rats, compared
with the naive group. Although TM administration induced
a dramatic decrease in albumin expression, 4-PBA greatly
diminished this effect (Figure 9B).

Mild ER Stress Inhibited the Decreases in
Hippocampal Occludin and Claudin-5 Induced

by LPS

Decreased tight-junction protein expressions are associated with
alterations in BBB permeability. As occludin and claudin-5
are reportedly integral tight-junction membrane proteins (Qi
et al., 2016), we examined the levels of occludin and claudin-5
in the hippocampus of rats with western blot analysis. LPS
evoked significant decreases in occludin and claudin-5 protein

expression compared with the naive group. Treatment with
TM effectively negated the increases in hippocampal occludin
and claudin-5 induced by LPS, while no elevated occludin and
claudin-5 expression was detected after 4-PBA administration
(Figures 9C,D).

Immunofluorescence staining was also used to analyze
occludin and claudin-5 protein expression (Figures 9E-H),
showing a marked decrease in occludin and claudin-5 protein
levels in the LPS group compared with the naive group.
Impressively, TM treatment significantly attenuated the occludin
and claudin-5 protein expression decrease induced LPS, but
4-PBA cotreatment partially reversed the effect of TM. These
results show that mild ER stress prevented BBB disruption by
decreasing tight-junction protein levels.

Mild ER Stress Reversed the Increases in
Hippocampal Matrix Metalloproteinase (MMP)-2 and
MMP-9 Induced by LPS

Based on the recent observation that MMP activity is associated
with the degradation of tight-junction proteins (Tasaki et al.,
2014), we next monitored the expression of MMP-2 and
MMP-9 upon mild ER stress induction. As expected, LPS
treatment significantly increased MMP-2 and MMP-9 activity,
while pretreatment with TM significantly attenuated LPS
treatment-induced MMP-2 and MMP-9 activity. The expression
levels of MMP-2 and MMP-9 were markedly increased after
4-PBA cotreatment, leading to significant reversal of these
TM-evoked effects (Figures 9LJ). These results indicate that
mild ER stress can inhibit LPS-induced MMP-2 and MMP-9
activation.

Mild ER Stress Reduced EB Extravasation in the
LPS-Treated Rats

EB extravasation is a widely used marker for detecting breaches
in the BBB. Figure 10A shows the EB extravasation in the
extracted brains, indicating BBB disruption. As shown in
Figure 10B, EB absorbance was increased in the LPS-treated rats
compared with the naive group, which was apparently attenuated
by TM treatment. Although TM alleviated LPS-induced BBB
hyperpermeability, 4-PBA greatly diminished this effect as
evidenced by increased EB content in the brain after 4-PBA
administration.

DISCUSSION

Neurodegenerative  diseases, exemplified by AD, PD,
amyotrophic lateral sclerosis, and multiple sclerosis, pose
the most pressing health and economic burden on developed
societies with aging populations (Estes and McAllister, 2016).
Neuroinflammation is an amplifier of neurodegenerative
pathology, and thus, its influence is a subject of increasing
interest (Glass et al., 2010).

In recent years, astrocytes have gained attention due to their
pivotal role in brain homeostasis both in normal and pathological
conditions (Haim and Rowitch, 2017). Long thought of as just
supporting cells in the brain, astrocytes have in fact several
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FIGURE 6 | 4-PBA partially inhibited mild ER stress in primary cultured astrocytes. (A) The expression levels of p-PERK, p-EIF2a, p-IRE1a, XBP1s, and XBP1u in
primary cultured astrocytes were detected by Western blotting using specific antibodies. (B) Phosphorylated levels of PERK, EIF2a, and IRE1a were quantified and
normalized to corresponding total levels. (C) Expression of XBP1s was quantified and normalized to Tubulin expression. (D) Expression of XBP1u was quantified and
normalized to Tubulin expression. Each value is expressed relative to that in the control group, which was set to 100. All experiments were repeated three times.
#P < 0.05, #P < 0.01 vs. LPS treatment group. *P < 0.05, **P < 0.01 vs. TM treatment group. The data are presented as the mean + SEM.

housekeeping functions. Recently, astrocytes have become the
focus of attention because of their metabolic coupling with
neurons and the BBB (Cabezas et al., 2014).

The emerging evidence highlights the critical roles of
astrocytes in regulating neuroinflammation through a process
called “astrogliosis,” (Sofroniew, 2015), which leads to an
increase in the number, morphology, and motility of astrocytes
and illustrates the role of the neuroinflammatory response in
neurodegenerative diseases (Garwood et al., 2017). Astrogliosis
is a well-characterized spectrum of cellular, molecular, and
functional astrocytic changes in response to CNS damage. The
cells in which astrogliosis occurs have the potential to be strongly
reactive, thus contributing to the production of numerous
proinflammatory molecules, such as cytokines, to exacerbate
neuroinflammation (Khakh and Sofroniew, 2015; Bazargani and
Attwell, 2016).

In recent years, numerous studies have shown that ER stress
in astrocytes is associated with astrogliosis and the development
of neuroinflammation (Cheng et al., 2013; Hong et al., 2016).

However, these studies, which utilized high concentrations
of pharmacological ER stressors to cause robust perturbation
of ER function in experimental animals or cultured cells,
failed to reproduce physiological and non-lethal levels of
ER stress. ER stress activates the signaling events termed
UPR. UPR is a heterogeneous and context-dependent cellular
response, determined by the intensity or duration of the
exposure to stress (Hetz and Mollereau, 2014). Under severe
and robust ER stress, activation of the UPR operates as
a pro-apoptotic program that reinforces the expression of
pro-apoptotic components such as CHOP through ATF4;
ER-related neurotoxicity consequently occurs. Under conditions
of moderate and mild ER stress, ATF4 and CHOP are highly
unstable at the mRNA and protein levels; these proteins are
necessarily short-lived without a persistent and robust ER-stress
signal transduction pathway (Matus et al, 2014). Therefore,
mild perturbations of ER function may operate as an adaptive
feedback mechanism of resistance against any possible further
injuries.
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FIGURE 7 | Mild ER stress ameliorated LPS-induced cognitive impairment in the hippocampus. (A) Contextual fear response, as measured by freezing time, was
determined in the rats (n = 12). (B) The number of learning trials was recorded to analyze the Y-maze test (n = 12). The data are presented as the mean + SEM.
*P < 0.05, **P < 0.01 vs. naive group. *P < 0.05, #P < 0.01 vs. LPS treatment group. P < 0.05, *"P < 0.01 vs. TM treatment group. The data are
representative of three independent experiments.
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FIGURE 8 | Mild ER stress reduced the hippocampal astrocyte activation. (A) The protein levels of GFAP were detected by Western blotting using specific antibody
in hippocampus. (B) Expression of GFAP was quantified and normalized to Tubulin levels. Each value was expressed relative to that of the naive group, which was
set to 100 (n = 6). (C) Immunofluorescent staining was used to detect GFAP, a maker of astrocytes, in hippocampal CA1 region. Blue staining represents DAPI.
Scale bar = 200 um. (D) Quantitative of GFAP-positive cells in the CA1 area of hippocampus. The data are representative of three independent experiments.

*P < 0.05, **P < 0.01 vs. naive group. #P < 0.05, P < 0.01 vs. LPS treatment group. P < 0.05, *"P < 0.01 vs. TM treatment group. The data are presented as
the mean + SEM.
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FIGURE 9 | Mild ER stress attenuated LPS-induced BBB hyperpermeability in hippocampus. (A) The expression levels of albumin, occludin, claudin-5, MMP-2, and
MMP-9 were detected in the hippocampus of rats by Western blotting using specific antibodies. (B-D) Expression of albumin, occludin and claudin-5 was quantified
and normalized to Tubulin levels. (E,F) Images acquired by confocal microscopy show the occludin and claudin-5 levels in the CA1 area of the hippocampus. The
arrow in G points to an area in the CA1 area with high occludin immunoreactivity. The arrow in H points to an area in the CA1 area with high claudin-5
immunoreactivity. Scale bar, 100 wm. (G,H) Quantitative data of the mean intensities of occludin and claudin-5 fluorescence. (I,J) Expression of MMP-2 and MMP-9
was quantified and normalized to Tubulin levels. Each value was expressed relative to the values of the naive group, which was set to 100 (n = 6). The data are

representative of three independent experiments. *P < 0.05, **P < 0.01 vs. naive group. #P < 0.05, P < 0.01 vs. LPS treatment group. "P < 0.05, "P < 0.01
vs. TM treatment group. The data are presented as the mean + SEM.
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FIGURE 10 | Mild ER stress reduced EB extravasation in the LPS-treated rats. (A) Representative photographs of EB extravasation in the extracted brains of various
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We evaluated the levels of ATF4 and CHOP expression
in astrocytes to further characterize the extent of ER stress
in response to varying concentrations of TM. In the present
investigation, activation of the PERK-EIF2a/IRE1-XBP1 pathway
was detected at both high and low concentrations of TM.
However, TM at the highest dose triggered a robust ER-stress
response in astrocytes. Only at high concentrations (10 ng/ml)
was TM able to trigger a robust ER-stress response in astrocytes,
as evident by effective upregulation of ATF4 and CHOP, while
lower doses of TM did not increase CHOP and ATF4 protein
expression.

GFAP overexpression is a reliable marker for identifying
reactive astrocytes under pathological conditions in the
hypertrophic response of astrogliosis (Allaman et al, 2011).
In this study, we observed that LPS altered the morphology of
astrocytes, as demonstrated by terminal swelling filopodium-like
processes, and induced the upregulation of GFAP expression.
Additionally, LPS significantly induced the inflammatory
cytokines, IL-1p, and IL-6, in cultured primary astrocytes.
We defined in vitro and in vivo experimental conditions in
which mild ER stress did not induce astrocytic lethality but
rather suppressed LPS-induced overactivation and inflammatory
responses in astrocytes. We demonstrated that astrocyte
protection occurred as an intrinsic consequence of non-toxic,
mild activation of ER stress.

It was reported that the heterogeneity between mild ER stress
and robust ER stress pertains to differences in the expression
of downstream proteins. Although less is known about this
non-toxic ER stress in various models, current information
points toward a concept that describes this adaptive reaction,
which we refer to as “hormesis” (Matus et al., 2014). For instance,
TM at a low dosage orchestrated neuroprotection in Drosophila
and mouse models of PD (Fouillet et al., 2014), AD (Casas-Tinto
et al.,, 2011), brain inflammation (Hosoi et al., 2014), and brain
ischemia/reperfusion (Ibuki et al., 2012).

Our previous study revealed that preconditioning with the
ER stress-inducer, TM, at a low dosage protected against
LPS-induced cognitive decline and neuroinflammation, while
4-PBA partly counteracted this protective effect (Wang et al.,
2017). We have proposed that ER-mediated hormesis (or ER
hormesis) is responsible for protection after LPS challenge.
This hypothesis is also supported by our current results that
showed that mild doses of TM relieved LPS-stimulated BBB
hyperpermeability.

Albumin is a vascular marker that crosses the BBB very slowly
and is therefore often used to measure the loss of BBB integrity
(Xaio et al., 2001). Using the albumin quota, we confirmed
the role of mild ER stress in BBB function. We found more
albumin leakage in the hippocampus following LPS injection,
which was inhibited by pretreatment with TM. Furthermore,
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Hemorrhagic transformation (HT) is a serious complication that stimulates
inflammation during reperfusion therapy after acute ischemic stroke. Rosuvastatin, a
3-hydroxymethyl-3-methylglutaryl coenzyme A (HMG-CoA) reductase inhibitor, might
improve the outcome of HT by inhibiting neuroinflammation. This study aimed to explore
the protective effects of rosuvastatin against HT after recombinant tissue plasminogen
activator (rt-PA) treatment in mice with experimental stroke via the attenuation of
inflammation. A total of one hundred sixty-nine male BALB/c mice were used in the
experiment. HT was successfully established in 70 mice that were subjected to 3 h
of middle cerebral artery occlusion (MCAQ) followed by a 10 mg/kg rt-PA injection
over 10 min and reperfusion for 24 h. The mice were then administered rosuvastatin
(1 mg/kg, 5 mg/kg) or saline (vehicle). The brain water content and neurological
deficits (wire hang and adhesive removal somatosensory tests) were assessed at
24 h after rt-PA reperfusion following MCAO surgery. The morphology, blood-brain
barrier (BBB) permeability and number of astrocytes and microglia were assessed
by immunohistochemistry, electron microscopy and western blotting at 24 h after
rt-PA reperfusion following MCAQO surgery. Rosuvastatin protected against impaired
neurological function and reversed the BBB leakage observed in the HT group.
The increased activation of astrocytes and microglia and secretion of inflammatory
factors caused by HT damage were significantly attenuated by high-dose rosuvastatin
treatment vs. normal-dose rosuvastatin treatment. Related inflammatory pathways, such
as the nuclear factor kappa B (NF-kB) and mitogen-activated protein kinase (MAPK)
pathways, were downregulated in the rosuvastatin-treated groups compared with the
HT group. In conclusion, our results indicate that rosuvastatin is a promising therapeutic
agent for HT after rt-PA reperfusion following MCAQO surgery in mice, as it attenuates
neuroinflammation. Additionally, high-dose rosuvastatin treatment could have a greater
anti-inflammatory effect on HT than normal-dose rosuvastatin treatment.

Keywords: rosuvastatin, hemorrhagic transformation, microglia, astrocytes, blood-brain barrier, NF-xB, MAPK
pathway
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INTRODUCTION

Hemorrhagic transformation (HT) is a serious complication
that occurs after acute ischemic stroke (Alvarez-Sabin et al.,
2013; Wang et al, 2015). In clinical practice, after the
administration of intravenous recombinant tissue plasminogen
activator (IV-rt-PA) within the therapeutic window, the rate
of type two parenchymal hemorrhage within 7 days is 6.8%,
with a 90-day mortality rate as high as 17.9% (Emberson et al.,
2014). Studies have shown that disturbances in the blood-
brain barrier (BBB), which is composed mainly of endothelial
cells, pericytes and astrocytes, occur throughout the process of
HT (Kelly et al., 2006; Mishiro et al., 2012; Ozkul-Wermester
et al, 2014). Emerging data have shown that the oxidative
stress and overexpression and release of proinflammatory
cytokines caused by rt-PA reperfusion are associated with BBB
disruption (Wang et al., 2015). Furthermore, increasing studies
in the literature have shown that inflammation related to the
interaction between microglia and astrocytes but not astrocytes
alone contributes to ischemia-induced HT and oedema (del
Zoppo et al., 2012).

Statins, also known as 3-hydroxy-3-methylglutaryl-
coenzyme A (HMG-CoA) reductase inhibitors, are well
known for having beneficial effects on vascular events by
lowering cholesterol levels (Postmus et al., 2014) and are used
as neuroprotectants in experimental brain ischemia (Spence,
2014). In vivo studies have shown that statins induce time- and
concentration-dependent reductions in Af production, and the
reduced production of AP has been attributed to reductions
in neuroinflammation (Hosaka et al., 2013). One study has
suggested that reduced chronic neuroinflammation might be
a key mechanism underlying statin-induced neuroprotection
(McFarland et al., 2014). Furthermore, statins play a protective
role against neurodegenerative conditions, including vascular
dementia, Alzheimer’s disease (AD) and Parkinson’s disease
(PD; Mandas et al., 2014). However, whether statins protect
against HT and the related mechanisms in mice have not been
determined.

Rats who were treated with rosuvastatin (a synthetically
derived statin) immediately post-spinal cord injury
demonstrated reduced inflammatory cell infiltration, tumor
necrosis factor alpha (TNF-a) expression, myeloperoxidase
activity, nitric oxide levels and caspase-3 activity in caudal
spinal cord tissue (Kahveci et al., 2014). Pretreatment with
rosuvastatin significantly reduced lipopolysaccharide (LPS)-
induced interleukin 1 beta (IL-1f) and TNF-a release (Kahveci
et al, 2014). Because the protective effect of rosuvastatin
relies on the modulation of several signaling transduction
pathways, including the nuclear factor kappa B (NF-kB),
phosphatidylinositol 3-kinase and protein kinase B (PI3K/Akt)
and c-Jun N-terminal kinase (JNK) pathways (Li et al., 2015;
Liu et al, 2017), determining the potential role played by
rosuvastatin in neuroinflammation-related diseases is critical.

In this study, experiments were performed to demonstrate
our hypothesis that rosuvastatin protects against HT in
middle cerebral artery occlusion (MCAO) mice by attenuating
inflammation.

MATERIALS AND METHODS

Animals

A total of 169 male BALB/c mice (10-12 weeks old, weighing
22-25 g) were used. All animal procedures were performed
in strict accordance with the National Institutes of Health
guidelines (NIH publication no. 8023, revised 1978).
Experimental protocols were approved by the Competent
Ethics Committees of Jinan University, and efforts were made to
reduce the total number of animals used as well as their potential
pain and suffering.

Stroke Model, Experimental Design and

Experimental Groups
One-hundred and forty-four mice were anesthetized with
isoflurane in air (4% for inducing anesthesia, 1.5% for
maintaining anesthesia; RWD Life Science, Shenzhen, China).
The temperature of the mice was maintained at 37.0 & 0.5°C
using a heating pad, and focal ischemia was induced using
an intraluminal filament (Mehra et al., 2012). A midline
incision was made in the neck, and the left common carotid
artery, external carotid artery and internal carotid artery were
isolated. Briefly, the stump of the external carotid artery was
cut, and a filament made of nylon string coated with silicon
(MSMC23B104PK100, RWD Life Science, Shenzhen, China)
was carefully inserted into the internal carotid artery and
advanced 11 mm from the carotid artery bifurcation or until
resistance was encountered. Changes in regional cerebral blood
flow were monitored using a laser Doppler blood flow meter
in the left MCA region (Mehra et al, 2012) to confirm
successful MCAO. After 3 h of MCAO, thrombolysis was
conducted via a tail vein injection of rt-PA (10 mg/kg, Actilyse,
Boehringer Ingelheim Pharma GmbH and Co., UK) in saline
for 10 min; then, the filament was carefully withdrawn to
induce vascular recanalization/reperfusion for 24 h. The liquid
was warmed to 37°C prior to intraperitoneal and tail vein
injection. In addition, the mice remained on the heating pad in
fresh air and were monitored (blood pressure, heart rate, and
physical activity) until they showed movement. The operation
time was kept to less than 10 min from the induction of
anesthesia. During the 12 h of daytime, the mice were given
1 ml of jelly two times by oral feeding. Then, the mice
were kept in a cage and allowed free access to jelly and
water in a dish during the 12 h of night-time (Lourbopoulos
et al, 2017). Mice in the sham-operated group served as
controls and were treated with an equal volume of saline
administered via the tail vein. At 24 h after reperfusion and
the assessment of neurological deficits, the mice were deeply
anesthetized with 5% isoflurane. After acute bleeding, tissue
samples were collected for brain water content measurements
and immunoblotting; other samples were collected after heart
perfusion experiments for the assessment of BBB integrity
and immunofluorescence, immunohistochemistry and electron
microscopy (Figure 1A).

Mice in this experiment were divided randomly into four
groups (Figure 1B): (1) SHAM: sham-operated mice treated
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FIGURE 1 | Schematic overview of the stroke model and group allocation. (A) Timeline depicting the study design. The locomotor activity and sensory assessments
were performed at 23 h and 50 min after reperfusion and 10 min prior to tissue collection at 24 h after reperfusion. (B) Summary of the mice in the various groups.
The total number of mice does not include those excluded due to death by anesthesia, poor recovery after surgery, or model failure.

with saline as a control; (2) HT: mice pretreated with saline
for 10 min before 3 h of MCAO followed by tPA treatment
and 24 h of reperfusion; (3) normal-dose rosuvastatin therapy
for HT-LRO: mice pretreated with 1 mg/kg rosuvastatin for
10 min before 3 h of MCAO followed by tPA treatment and
24 h of reperfusion; and (4) high-dose rosuvastatin therapy
for HT-HRO: mice pretreated with 5 mg/kg rosuvastatin for
10 min before 3 h of MCAO followed by rt-PA treatment and
24 h of reperfusion. Twenty-six mice died because of failure to
tolerate anesthesia or severe postoperative complications, such
as subarachnoid hemorrhage and forty-three mice were excluded
due to model failure; these mice are excluded from the following
tests (Figure 1B).

Assessment of Neurological Deficits
Behavioral tests, including the wire hang and adhesive removal
somatosensory tests, were conducted 24 h after reperfusion.

In the wire hang test (Wu et al., 2010), mice were placed
midway on a wire (50 x 0.15 cm) mounted between two
platforms 40 cm above the ground. Two days before formal
experiments were conducted, all mice were familiarized with
the technique of grasping the wire by the forelimbs. Their
performance was observed for a maximum of 1 min, and exact
scores were calculated. A mouse scored three points if it grasped
the wire with both hind paws, two points if it grasped the wire
with one hind paw, and one point if it did not grasp the wire with
either hind paw. The suspension times were recorded and scored
as follows: 0 points for 0-4 s; one point for 5-9 s; two points for
10-14 s; three points for 15-19 s; four points for 20-24 s; five
points for 25-29 s; and six points >30 s. Each testing session

consisted of three trials, and the interval between the trials was
5 min.

The adhesive removal somatosensory test is a sensitive
method for assessing sensorimotor deficits (Modo et al., 2000;
Bouet et al., 2009; Freret et al., 2009). All mice were familiarized
with the testing environment before formal experiments were
conducted. Two small, circular adhesive-backed paper patches
(diameter: 10 mm) were used as bilateral tactile stimuli occupying
the distal-radial region on the wrist of each forelimb. Each
mouse was then returned to its respective home cage, and the
time required to remove each stimulus was recorded (with
a maximum limit of 120 s). Three trials were conducted
per day, and individual trials were separated by at least
10 min.

Brain Water Content Measurement

The brain water content was measured using the wet/dry method
(Manaenko et al., 2011). Briefly, after mice from each group were
decapitated under deep anesthesia with 5% isoflurane, the whole
brains were immediately removed. Each brain was weighed (wet
weight [WW]) on an electronic analytical balance (Sartorius,
Gottingen, Germany) and then dried at 100°C for 24 h to
determine the dry weight (DW). The brain water content (%) was
calculated as ((WW — DW]/WW) x 100%.

TTC Staining and Infarct Volume
Measurement

At 24 h after reperfusion, following deep anesthesia with 5%
isoflurane, four mice were selected randomly from each group
and perfused transcardially with cold saline. The brains were

Frontiers in Cellular Neuroscience | www.frontiersin.org

70

August 2018 | Volume 12 | Article 225


https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-neuroscience#articles

Luetal.

Rosuvastatin Reduces Hemorrhagic Transformation

quickly removed and sectioned coronally into 1-mm slices and
used for 2,3,5-triphenyltetrazolium chloride (TTC) staining. A
Canon camera (Guangzhou, Guangdong, China) was used to
capture images of the slices before they were stained with 2%
TTC and incubated in a dark chamber at 37°C for 20 min.
The infarct volumes were calculated as follows: infarct volume
(%) = (contralateral hemisphere volume—ipsilateral hemisphere
+ infarct volume)/contralateral hemisphere volume x 100%.
The hemispheric volumes were measured using Image-Pro®
Plus (Version 6.0 for Windows™, National Institutes of Health,
Bethesda, MD, USA; Zhu et al., 2016).

HE Staining

Brain tissue was collected and fixed in 4% paraformaldehyde
(PFA) for 12 h after the heart perfusion experiments. The brains
were cut into halves and immersed in 30% sucrose in distilled
water overnight at 4°C before being embedded in optimal cutting
temperature (OCT) compound. Cryosections with a thickness of
10 wm were dewaxed, dehydrated and stained with hemeatoxylin
and eosin (H&E) for morphological evaluation. Each section was
examined under 400 x magnification using a Leica microscope
(Vizna, Germany). The area of red blood that overflowed from
the BBB into the brain tissues was obtained as average values and
is expressed as the ratio of the area of red blood to the area of the
corresponding high-power (HP) field.

Assessment of BBB Integrity

Mice were deeply anesthetized with 5% isoflurane. Fifty
milliliters of 0.01 mol/l PBS containing EZ-link-sulfo-NHS-
biotin (0.5 mg/ml; Thermo Fisher Scientific, Waltham, MA,
USA) was used to perfuse the left ventricle of the heart
over 5 min, followed by perfusion with 50 ml of ice-cold
1% PFA in 0.01 mol/l PBS. The brains were then dissected,
fixed in 4% PFA for 1 h at room temperature, cut into
halves and immersed in 30% sucrose in distilled water
overnight at 4°C before being embedded in OCT compound.
Cryosections with a thickness of 10 pm were blocked in
0.01 mol/l PBS + 10% normal goat serum + 0.3% Triton
X-100 for 30 min at room temperature. The sections were
then incubated with fluorescein isothiocyanate streptavidin
(FITC-streptavidin; 1:200, Yeasen, Shanghai, China) for 1 h
at room temperature; 4’,6-diamidino-2-phenylindole (DAPI;
1:250; Beyotime Biotechnology, Shanghai, China) was used
to stain nuclei for 10 min before the slides were mounted.
Images of the peri-infarct area, were captured using a confocal
laser scanning microscope (Leica SP8, Vizna, Germany). The
statistical data were generated from a total of three mice; these
mice were used for three independent experiments, and three
replicate slices were analyzed per group in each independent
experiment.

Immunofluorescence

To assess the number of activated astrocytes, we used a cryostat
(Thermo Fisher Scientific, Waltham, MA, USA) to prepare
coronal cryosections (6 wm). After being permeabilized with
0.3% Triton X-100 in PBS for 30 min, the sections were
blocked with 5% goat serum for 1 h. Then, the sections

were incubated at 4°C overnight with the primary monoclonal
anti-glial fibrillary acidic protein antibody (anti-GFAP; 1:250,
Santa Cruz Biotechnology). After being washed with 0.01 mol/l
PBS for 5 min, the sections were incubated three times with
horseradish peroxidase-conjugated secondary antibodies (1:250;
Yeason, Shanghai, China) at room temperature for 1 h. After
being washed with 0.01 mol/l PBS for 5 min three times, DAPI
was used to stain nuclei for 10 min before the slides were
mounted. The number of positive cells was counted in the
peri-infarct cortex (200x magnification) under a fluorescence
microscope (Leica, Vizna, Germany), and the number of cells was
analyzed as positive cells/total cells using ImageJ 1.50 software
(National Institutes of Health, Bethesda, MD, USA).

Immunohistochemistry

To assess the number of activated microglia, we used a cryostat
to obtain coronal cryosections (6 pm). The sections were
permeabilized with 0.3% Triton X-100 in PBS for 30 min
and then blocked with 5% goat serum for 1 h. The sections
were then incubated at 4°C overnight with the primary
anti-ionized calcium-binding adaptor molecule 1 antibody
(Iba-1; 1:250, Santa Cruz Biotechnology, Dallas, TX, USA). The
sections were incubated with horseradish peroxidase-conjugated
secondary antibodies (1:250; Yeason, Shanghai, China) at room
temperature for 1 h and then stained with 3,3-diaminobenzidin
(Wanleibio, Shanghai, China) for 10 min. After the sections were
washed three times with 0.01 mol/l PBS for 5 min, they were
stained with hemeatoxylin for 10 min to label nuclei and were
then dehydrated and mounted with neutral gum. The number
of positive cells in the peri-infarct cortex was counted (200x
magnification) under a fluorescence microscope (Leica, Vizna,
Germany), and the number of cells was analyzed as positive
cells/total cells using ImageJ 1.50 software (National Institutes of
Health, Bethesda, MD, USA).

Electron Microscopy

Mice were anesthetized with 5% isoflurane and transcardially
perfused with a cold saline solution followed by 2.5%
glutaraldehyde in 0.1 M phosphate buffer. Then, the brains were
isolated and dissected. The brains were sectioned, dehydrated,
embedded in epoxy resin and then visualized using a HITACHI
transmission electron microscope (HITACHI, Tokyo, Japan) at
80 kV. The sections were selected as previously described, and
five areas in the ipsilateral peri-infarct cortex in each section were
chosen.

Immunoblotting

At 24 h after recanalization, the cortex was obtained for
immunoblotting as previously described. Proteins obtained from
the peri-infarct cortex were subjected to sodium-dodecyl sulfate
polyacrylamide gel electrophoresis and electrically transferred to
a polyvinylidene difluoride membrane before being incubated
with specific antibodies. Primary antibodies against the following
mediators were used: TNF-a, cyclooxygenase 2 (Cox-2),
inducible nitric oxide synthase (iNOS), IL-6, phospho-NF-kB
p65 (p-p65), phospho-inhibitory subunit of NF-kB-a (p-IkBa),
p-c-Jun, phosphorylated c-Jun-N-terminal kinase (p-JNK),
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phosphorylated mitogen-activated protein kinase (MAPK) p38
(p-p38), P-actin (1:1000; all from Cell Signaling Technology,
Danvers, MA, USA) and IL-18 (1:1000; Wanleibio, Shanghai,
China). The membranes were incubated for 1 h with the
appropriate secondary antibody (anti-rabbit IgG, anti-mouse
IgG; 1:5000; Yeasen). The antibodies were visualized by enhanced
chemiluminescence (ECL Plus; Beyotime Biotechnology). Image]
(NIH, Bethesda, MD, USA) was used to analyze the band
intensity. For individual samples, each value was normalized to
that of B-actin.

Statistical Analyses

All data were analyzed using SPSS (Windows version 13.0;
SPSS Inc., Chicago, IL, USA). Values are expressed as the
mean + SEM. Statistical differences among the groups were
assessed by one-way ANOVA. All analyses were performed using
GraphPad Prism six for Windows (GraphPad Software, Inc.,
La Jolla, CA, USA). In all tests, P-values of 0.05 or less were
considered to indicate significance.

RESULTS

Rosuvastatin Attenuated HT in Mice

To examine whether rosuvastatin influenced the severity of
cerebral hemorrhage, we evaluated locomotor activity using the
wire hang test and assessed sensation by performing the adhesive
removal test. The wire hang test was used to assess the strength
and stamina of the mice. Deficit scores were assessed using
the max hang duration in the HT group (***P < 0.001 vs. the
SHAM group). Neither normal- nor high-dose statin therapy
significantly shortened the falling latency in the SHAM group
compared to the HT group (Figure 2Aa). The adhesive removal
test showed that mice in the HT group required more time than
did those in the SHAM group (*P < 0.05), while there were
no significant differences between the statin-therapy groups and
the HT group (Figure 2B). The grasp power assessment showed
that the HT mice treated with saline achieved an average limb
grasp score of 1.42 + 0.16 (**P < 0.001 vs. 2.95 £ 0.05 in
the SHAM group), while those treated with normal-dose statin
therapy showed an average grasp power score significantly higher
than that of the HT mice (2.36 & 0.21 vs. 1.42 = 0.16, respectively,
#P < 0.01). The mice treated with high-dose statin therapy
showed a significantly higher grasp power score than did the
HT mice (2.16 £ 0.19 vs. 1.42 & 0.16, respectively, *P < 0.05;
Figure 2Ab). Meanwhile, as shown in Figures 2Ca-e, more
infarction was observed in the HT mice than in the SHAM mice
(*P < 0.05), while less infarction was observed in the HT+LRO
and HT+HRO groups than in the HT group (P < 0.05). In
the gross slices of the brain dissected after saline perfusion, we
found that the amount of bleeding was increased in the HT
group, and the statin therapy improved the bleeding in the
HT+LRO and HT+HRO groups (Figures 2Da-d). Furthermore,
to verify the phenomenon, we then evaluated the water content
24 h after ischemia, which revealed that rt-PA reperfusion injury
increased the brain water content compared with the sham
operation. However, this effect was lower in the rosuvastatin-
treated groups (1 mg/kg, water content: 1.05 % 0.05, “P < 0.05;
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FIGURE 2 | Rosuvastatin attenuated hemorrhagic transformation (HT) after
recombinant tissue plasminogen activator (rt-PA) reperfusion in mice.
(A) Quantitative analysis of the wire hang test (n = 5 in each group) in the
SHAM (sham-operated), HT (3 h of middle cerebral artery occlusion (MCAO)
followed by tPA reperfusion), HT+LRO (rosuvastatin pretreatment for 10 min
before MCAQ followed by tPA reperfusion), and HT+HRO (rosuvastatin
5 mg/kg pretreatment for 10 min before MCAO followed by tPA reperfusion)
groups. (a) The hang duration scores were expressed as the mean + SEM,
and between-group differences were assessed by one-way ANOVA followed
by Tamhane’s T2 test (homogeneity of variance was not determined), n = 5.
P < 0.001 vs. the SHAM group. (b) The grasp power scores were
expressed as the mean + SEM, and between-group differences were
assessed by one-way ANOVA followed by Tamhane’s T2 test (homogeneity of
variance was not determined), n = 5. *P < 0.05, *P < 0.01, and
=+P < 0,001 vs. the SHAM group, #P < 0.01 vs. the HT group, #*P < 0.05
vs. the HT group. (B) Adhesive removal test (n = 5 in each group) in the
SHAM, HT, HT+LRO, and HT+HRO groups. The adhesive removal duration
scores are expressed as the mean + SEM, and between-group differences
were assessed by one-way ANOVA followed by Tamhane’s T2 test
(homogeneity of variance was not determined), n = 5. *P < 0.05 vs. the
SHAM group. (C) Representative images of TTC staining from the four groups
(a=d for the SHAM, HT, HT+LRO and HT+HRO groups, respectively). (e) The
infarction volume scores were expressed as the mean + SEM, and
between-group differences were assessed by one-way ANOVA followed by
the LSD test (homogeneity of variance was determined), n = 3 per group.
*P < 0.05 vs. the SHAM group, ¥P < 0.05 vs. the HT group.
(D) Representative images of gross brain sections from the four groups (a-d
for the SHAM, HT, HT+LRO and HT+HRO
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FIGURE 2 | Continued

groups, respectively). (e) Relative wet weight/dry weight (WW/DW) ratios in the
four groups. (f) Brain water contents (%) in the four groups. The values were
expressed as the mean + SEM, the determination of which was followed by
the LSD test (homogeneity of variance was determined), n = 5. *P < 0.05 vs.
the SHAM group, #P < 0.05 vs. the HT group. (E) The pathological changes
in the number of red blood cells in the ischemia penumbra determined under
high-power (HP) microscopy in the four groups (a-d for the SHAM, HT,
HT+LRO and HT+HRO groups, respectively). (e) The values were expressed
as the mean + SEM, and between-group differences were assessed by
one-way ANOVA followed by Tamhane’s T2 test (homogeneity of variance was
not determined), n = 5. **P < 0.01 vs. the SHAM group, *P < 0.05 and

#P < 0.01 vs. the HT group, 4P < 0.05 vs. the HT+LRO group.

5 mg/kg, water content: 1.00 £ 0.04, *P < 0.05) than in the
HT group (water content: 1.17 & 0.11) (Figure 2De). Similarly,
the brain water content (%) in the HT group was significantly
higher than that in the SHAM group, while the percentage
in the HT+HRO group was lower than that in the HT group
(*P < 0.05; Figure 2Df). Experiments of greater precision were
used to assess the bleeding by HE staining (Figures 2Ea-e).
Using HP microscopy, we found that the blood leakage in the
HT group was significantly higher than that in the SHAM group
(red blood percentage: 49.55 £ 8.33%, **P < 0.01 vs. the SHAM
group), while the blood leakage was significantly lower in the

rosuvastatin-treated groups than in the HT group (1 mg/kg, red
blood percentage: 18.59 + 3.72%, *P < 0.05; 5 mg/kg, water
content: 3.82 &+ 1.70, P < 0.05 vs. the HT group), especially
in the high-dose rosuvastatin-treated group (¥P < 0.05 vs. the
HT+LRO group).

Thus, taken together, our results show that rosuvastatin
substantially improved the HT-induced deficit in locomotor
activity and attenuated the blood leakage resulting from
HT-induced damage after rt-PA therapy reperfusion in mice.
In addition, high-dose rosuvastatin treatment improved the
attenuation of the HT-associated bleeding more than the
normal-dose rosuvastatin treatment.

Rosuvastatin Decreased BBB Leakage

Disturbances in the BBB have been implicated in the HT process
(Khatri et al., 2012; Ozkul-Wermester et al.,, 2014). We next
utilized EZ-link-sulfo-NHS-biotin to examine the levels of BBB
permeability, and if the BBB permeability increased, biotin
leakage was examined. Biotin leakage images were captured in
the peri-infarct areas of the brain slides (Figure 3A). Biotin
leakage in the HT group was significantly higher than that in the
SHAM group; however, the BBB permeability was significantly
attenuated in the rosuvastatin-treated groups, especially in the
high-dose rosuvastatin-treated group (Figures 3B,C <0.05).

]
[~
-
+
=
=

Biotin/DAPI

SHAM

HT HT+LRO HT+HRO

FIGURE 3 | Rosuvastatin decreased blood-brain barrier (BBB) leakage. (A) In the peri-infarct area indicated by the white box, images were captured and tissue
samples were collected, as shown in the HT group as an example. (B) Representative photomicrographs of sections stained with 4’,6-diamidino-2-phenylindole
(DAPI) and biotin from the peri-infarct areas of the brain at 24 h after reperfusion. Scale bar = 50 um. (C) Relative biotin leakage ratios were analyzed by the ratio of
biotin- to DAPI-positive cells in each group (n = 3 in each group). Values were expressed as the mean + SEM, the determination of which was followed by the LSD
test (homogeneity of variance was determined). *P < 0.05 vs. the SHAM group, *P < 0.05 vs. the HT group, P < 0.05 vs. the HT+LRO group.
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These results indicate that rosuvastatin protects against HT by
decreasing BBB leakage.

Rosuvastatin Attenuated Inflammation

Levels

Reperfusion with rt-PA causes the release of proinflammatory
cytokines that disturb the BBB permeability, and protective
effects exerted by statins are associated with the reduced
expression of neuroinflammatory mediators, such as TNF-o
and IL-18 (McFarland et al., 2014, 2017; Wang et al., 2015).
Thus, to further investigate whether rosuvastatin reduces HT
via attenuating inflammation, we examined inflammation levels
using western blotting. rt-PA reperfusion injury significantly
increased the expression of the inflammatory cytokines TNEF-
a (FP < 0.01), Cox-2 (**P < 0.001), iNOS (**P < 0.001),
IL-1B (**P < 0.001) and IL-6 (***P < 0.001) relative to their
expression levels in the SHAM group. However, the levels of
TNF-a (*P < 0.05), Cox-2 (**P < 0.001), iNOS (**P < 0.001),
IL-18 (**P < 0.001) and IL-6 (***P < 0.001) were significantly
lower in the rosuvastatin-treated groups than in the HT group,
and levels of TNF-a (¥¢P < 0.01), iNOS (¥P < 0.05), IL-1p
(%&&p < 0.001) and IL-6 (¥¥&P < 0.001) were significantly
lower in the high-dose rosuvastatin-treated group than in the
normal-dose rosuvastatin-treated group (Figure 4). Therefore,
these findings suggest that both a normal and a high dose
of rosuvastatin exert neuroprotective effects by attenuating
inflammation and that the high dose of rosuvastatin might
reduce the release of proinflammatory factors more than the
normal dose.

Rosuvastatin Inhibited Astrocyte

Activation

Astrocytes participate in the formation of the BBB and
act as major support cells in the central nervous system
(CNS; Argaw et al, 2012; Colombo and Farina, 2016). The
levels of GFAP, an astrocyte marker, in the HT group
were significantly higher than those in the SHAM and
rosuvastatin-treated groups (Figures 5Aa-d for the SHAM, HT,
HT+LRO and HT+HRO groups, respectively, and Figure 5B,
P < 0.05). The levels of GFAP in the rosuvastatin-treated
groups were lower than those in the HT group (Figure 5B,
P < 0.05). Ultrastructural analysis showed cell shrinkage,
increased accumulation of abnormal electron-dense materials,
nuclear condensation, and basement membrane thickening in
the HT group. In comparison, less necrosis was observed
in the rosuvastatin-treated groups (Figures 5Ca-d for the
SHAM, HT, HT+LRO and HT+HRO groups, respectively). To
further assess the number of astrocytes in peri-infarct areas at
24 h after reperfusion, GFAP expression levels were detected.
Significantly inhibited astrocyte activation was observed in
the rosuvastatin-treated groups compared with the HT group
(Figure 5D, **P < 0.001), whereas significantly inhibited
astrocyte activation was observed in the high-dose rosuvastatin-
treated group compared with the normal-dose rosuvastatin-
treated group (Figure 5D, P < 0.05). Thus, these results indicate
that rosuvastatin decreased BBB leakage via inhibiting astrocyte
activation and that astrocyte activation was more inhibited
by the high rosuvastatin dose than the normal rosuvastatin
dose.
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FIGURE 4 | Rosuvastatin attenuated inflammation levels. (A) Immunoblotting analysis of tumor necrosis factor alpha (TNF-a), cyclooxygenase 2 (Cox-2), inducible
nitric oxide synthase (INOS), interleukin 1 beta (IL-1g) and IL-6 expression levels at 24 h after reperfusion in each group (n = 6 in each group). (B) The results are
normalized to B-actin. Values are expressed as the mean + SEM, the determination of which was followed by the LSD test (homogeneity of variance was
determined). **P < 0.01 and **P < 0.001 vs. the SHAM group, *P < 0.05 and *##P < 0.001 vs. the HT group, &P < 0.05, 3P < 0.01 and &P < 0.01 vs. the
normal-dose rosuvastatin-treated group.
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rosuvastatin-treated group.

FIGURE 5 | Rosuvastatin inhibited astrocyte activation. (A) Representative images of DAPI and glial fibrillary acidic protein (GFAP) staining, as described above.
Scale bars: 50 wm. (B) The quantified GFAP immunofluorescence intensity at 24 h after reperfusion; the results were normalized to DAPI. (C) Transmission electron
microscopy image showing the ultrastructure of astrocytes. Scale bar: 200 nm. (D) GFAP expression levels, as determined by western blotting (n = 6 in each group);
the results were normalized to B-actin. The values were expressed as the mean + SEM (a-d for the SHAM, HT, HT+LRO and HT+HRO groups, respectively, as
shown in Figure 1). *P < 0.05 and **P < 0.001 vs. the SHAM group, P < 0.05 and *#*P < 0.001 vs. the HT group, 4P < 0.05 vs. the normal-dose
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Rosuvastatin Inhibited Microglial

Activation

Previous studies have demonstrated that activated glia also
play a vital role in CNS inflammation and behave as another
major immune cell in the CNS; thus, we next examined
microglial activation (Kettenmann et al., 2011; Xiao et al,
2013). Analysis of Iba-1, a microglial reactivity marker, was
performed to verify microglial activation. The integrated
density of Iba-1 staining was significantly higher in the HT
group, while treatment with rosuvastatin significantly inhibited
this increase (Figures 6Aa-d for the SHAM, HT, HT+LRO
and HT+HRO groups, respectively, and Figure 6B <0.05).
Ultrastructural analysis showed cell shrinkage, increased
accumulation of abnormal electron-dense materials, and
an increased nuclear-to-cytoplasmic ratio in the HT group
compared with the rosuvastatin-treated groups, which
showed less necrosis (Figures 6Ca-d for the SHAM, HT,
HT+LRO and HT+HRO groups, respectively). To further

assess the number of microglia in the peri-infarct areas at 24 h
after reperfusion, Iba-1 expression levels were determined.
Significantly inhibited microglial activation was observed in the
rosuvastatin-treated groups relative to the HT group (Figure 6D,
#P < 0.01 and ¥*P < 0.001). Significantly inhibited microglia
activation was also observed in the high-dose rosuvastatin-
treated group relative to the normal-dose rosuvastatin-treated
group (Figure 6D, &P < 0.01). Consistent with the above
results, these findings indicate that rosuvastatin decreased BBB
leakage via inhibiting microglial activation and that microglial
activation was more inhibited in the high-dose rosuvastatin-
treated group than in the normal-dose rosuvastatin-treated

group.

Rosuvastatin Protected Against HT via
Inhibiting the NF-«kB Pathway

Considering the crucial influence of canonical NF-kB on glial
cell activation and inflammatory responses following HT, we
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FIGURE 6 | Rosuvastatin inhibited microglial activation. (A) Representative images of DAPI and Iba-1 staining, as described above. Scale bars: 50 um. (B) The
quantified Iba-1 immunofluorescence intensity at 24 h after reperfusion; the results were normalized to DAPI. (C) Transmission electron microscopy image showing
the ultrastructure of microglia. Scale bar: 200 nm. (D) Iba-1 expression levels, as determined by western blotting (1 = 6 in each group); the results are normalized to
B-actin. The values were expressed as the mean + SEM, the determination of which was followed by the LSD test (homogeneity of variance was determined; a-d for
the SHAM, HT, HT+LRO and HT+HRO groups, respectively, as shown in Figure 1). *P < 0.05 and and ***P < 0.001 vs. the SHAM group, #P < 0.05, #P < 0.01
and ##P < 0.001 vs. the HT group, 3P < 0.01 vs. the normal-dose rosuvastatin-treated group.
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measured the expression levels of proteins in the NF-kB pathway
(Hayden and Ghosh, 2008; Sun and Ley, 2008). Blocking
IkBa phosphorylation potentially inhibits the activation of
molecules in the NF-kB pathway, such as p-NF-kB p65, thus
downregulating inflammatory factors, including TNF-a, Cox-2,
iNOS, IL-1p and IL-6. Thus, we determined the protein levels
of the key NF-«kB pathway factors p65 and IkBa. The levels of
p-p65 and p-IkBa were substantially greater in the HT group
than in the SHAM group (Figure 7, *P < 0.05), while these
levels were significantly lower in the rosuvastatin-treated groups
than in the HT group (Figure 7, **P < 0.01 and ***P < 0.01).
The levels of p-p65 and p-IkBa were significantly lower in the
high-dose rosuvastatin-treated group than in the normal-dose
rosuvastatin-treated group (Figure 7, ¥¢P < 0.01). Thus, these
results indicate that rosuvastatin attenuated HT by inhibiting the
NEF-kB pathway.

Rosuvastatin Protected Against HT via
Inhibiting the MAPK Pathway

As a member of the MAPK family related to neuronal survival,
JNK has been shown to increase stroke injury upon activation,
and p38 signaling has been shown to exacerbate stroke-
induced inflammatory responses (Barone et al., 2001; Kuan
et al, 2003; Cui et al., 2007; Nithianandarajah-Jones et al,
2012). Thus, we next investigated the role of rosuvastatin in
the MAPK pathway using western blotting. Activated MAPKs
can stimulate IkB kinase, release NF-kB dimers from the
inactive cytoplasmic NF-kB/IxB complex and induce the nuclear
translocation of NF-kB. The levels of p-c-Jun, p-JNK and
p-p38 were higher in the HT group than in the SHAM
group (Figure 8, ™ P < 0.05) and the rosuvastatin-treated
groups (Figure 8, *P < 0.05, **P < 0.001). The expression
levels of p-c-Jun and p-p38 in the high-dose rosuvastatin-
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FIGURE 7 | Rosuvastatin protected against HT via inhibiting the NF-kB pathway. Western blot analysis of phospho-NF-kB p65 (p-p65) and phospho-inhibitory
subunit of NF-kBa (p-lkBa) expression levels in the NF-kB pathway at 24 h after reperfusion (n = 6 in each group); the results are normalized to B-actin. The values
are expressed as the mean + SEM. **P < 0.01 and **P < 0.001 vs. the the SHAM group, *P < 0.05 and ##P < 0.001 vs. the HT group, P < 0.01 vs. the

normal-dose rosuvastatin-treated group.
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FIGURE 8 | Rosuvastatin protected against HT via inhibiting the mitogen-activated protein kinase (MAPK) pathway. Western blot analysis of p-c-Jun, phosphorylated
c-Jun-N-terminal kinase (p-JNK) and p-p38 expression levels at 24 h after reperfusion (n = 6 in each group); the results are normalized to p-actin. The values are
expressed as the mean 4+ SEM. *P < 0.05, **P < 0.01 and **P < 0.001 vs. the SHAM group, P < 0.05 and *##P < 0.001 vs. the HT group, 4&P < 0.05 vs. the

normal-dose rosuvastatin-treated group.
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treated group were lower than those in the normal-dose
rosuvastatin-treated group (Figure 8, &P < 0.001). Thus,
taken together, these results suggest that the attenuation of the
inflammatory response by rosuvastatin is involved in the MAPK

pathway.

DISCUSSION

Inflammation is a major factor contributing to brain damage
and nervous system dysfunction after intracerebral hemorrhage
(ICH; Campos et al., 2013; Zhou et al., 2014). Rosuvastatin
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has been used as a cholesterol-lowering drug for a long
time and is more effective than other statins (McTaggart
et al., 2001; Gullestad et al, 2012). Rosuvastatin has been
demonstrated to exert neuroprotective effects by promoting
anti-inflammatory responses in rat animal models of brain
ischemia, thus improving their outcome. However, whether
rosuvastatin exerts neuroprotective effects against secondary
damage, including hemorrhaging after thrombolysis, is not clear.
The major findings of this study are that rosuvastatin, at both
normal and high doses, contributes to preventing HT after
intravenous rt-PA thrombolysis in mice with brain ischemia by
activating glial cells.

In addition to blood leakage due to disruption of the
BBB, which significantly upregulates the activation of
microglia/macrophages (Khatri et al., 2012; Ozkul-Wermester
et al., 2014) and astrocytes (del Zoppo et al., 2012), the elevated
expression of the proinflammatory cytokines IL-1f and IL-6,
the activation of their transcription factor NF-kB, and the
expression of the inflammatory enzymes Cox-2 and iNOS
are considered the chief mechanisms underlying HT. Studies
have shown that rosuvastatin can alleviate motor dysfunction
and neuropathic pain detected by the wire hang and adhesive
removal somatosensory tests (Bouet et al., 2009). Meanwhile,
TNF-a, Cox-2, iNOS, IL-1f and IL-6 levels are ameliorated by
NF-kB inactivation, and the numbers of microglia and astrocytes
are decreased in rosuvastatin-treated mice. As proinflammatory
cytokines produced by microglia and astrocytes, TNF-a and IL-
1P are closely related to oedema formation and BBB dysfunction,
leading to further brain injury in HT, as determined by increased
WW/DW ratios (Ma et al., 2017). However, decreased WW/DW
ratios after rosuvastatin treatment in HT mice resulted from the
inhibition of TNF-a, Cox-2, iNOS, IL-1p and IL-6. Furthermore,
NEF-kB transcription factors are present in the cytosol in an

inactive state complexed with inhibitory IkB proteins, and
activation occurs via the phosphorylation of IxBa at Ser32 and
Ser36, followed by proteasome-mediated degradation that results
in the release and nuclear translocation of active NF-kB in HT
mice. However, rosuvastatin might prohibit the activation of
IkBa and NF-kB, thus suppressing the subsequent release of
inflammatory cytokines (Asahi et al., 2005; Cordle and Landreth,
2005; Barone et al.,, 2011). We believe that treatment with
rosuvastatin early in thrombolysis therapy will reduce the release
of inflammatory cytokines, thus prohibiting oedema formation
and BBB dysfunction.

The MAPK family is a group of serine/threonine protein
kinases comprising several members, including extracellular
signal-regulated kinases 1/2, JNK and p38 (Nithianandarajah-
Jones et al, 2012). The importance of MAPKs in stroke,
especially JNK and p38, is well documented in the literature.
More specifically, JNK activation has been shown to increase
stroke injury via the enhancement of neuronal apoptosis,
and the genetic and pharmacological inhibition of JNK both
improve the outcome after stroke (Kuan et al, 2003; Cui
et al., 2007). p38 signaling activation exacerbates stroke-induced
inflammatory responses and leads to poorer outcomes (Barone
et al, 2011). IL-18 and other inflammatory cytokines can
increase the phosphorylation of specific amino acid sequences
in these components and then activate MAPKs. Activated
MAPKs can stimulate IkB kinase, release NF-kB dimers from
the inactive cytoplasmic NF-kB/IkB complex and induce the
nuclear translocation of NF-kB (Kim et al., 2005; Joo et al., 2007).
The activation of p38 and JNK in microglia and astrocytes via
various pathways has also been demonstrated to be essential
for IL-1B, IL-6, TNF-a, Cox-2 and iNOS expression (Koistinaho
and Koistinaho, 2002). Indeed, the pharmacological inhibition of
p38 and JNK by rosuvastatin inhibited the activation of microglia
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and astrocytes and reduced stroke injury (Piao et al., 2003) while
also decreasing the expression of these inflammatory cytokines.
Our results demonstrate that the pharmacological inhibition
mediated by rosuvastatin attenuated HT, mainly via the NF-kB
and MAPK pathways.

Our study does have some limitations. The possible
neuroprotective mechanism of rosuvastatin in microglia and
astrocytes, which might inhibit the inflammation mediated by
MAPK phosphatase 1, salt-inducible kinase 2 (Ma et al., 2017)
and low-density lipoprotein receptor-related protein 1 (Yepes
et al, 2003; Cheng et al, 2006; Suzuki et al., 2009; Zhang
et al., 2009), was not detected after ICH. In additional research,
we will explore the potentially detailed molecular signaling
pathway of rosuvastatin to further understand its potential
clinical applications in HT therapy.

In conclusion, the major findings of this study are that
rosuvastatin, at both normal and high doses, contributes
to preventing HT after intravenous rt-PA thrombolysis in
mice with brain ischemia by reducing glial cell activation.
Meanwhile, the high-dose rosuvastatin treatment showed better
anti-inflammatory effects in HT than did the normal-dose
rosuvastatin treatment. The beneficial effects are related to
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Methamphetamine (METH), an extremely and widely abused illicit drug, can cause
serious nervous system damage and social problems. Previous research has
shown that METH use causes dopaminergic neuron apoptosis and astrocyte-
related neuroinflammation. However, the relationship of astrocytes and neurons
in METH-induced neurotoxicity remains unclear. We hypothesized that chemokine
interleukin (IL) eight released by astrocytes and C-X-C motif chemokine receptor 1
(CXCR1) in neurons are involved in METH-induced neuronal apoptosis. We tested our
hypothesis by examining the changes of CXCR1 in SH-SY5Y cells and in the brain
of C57BL/6 mice exposed to METH by western blotting and immunolabeling. We
also determined the effects of knocking down CXCR1 expression with small interfering
ribonucleic acid (siRNA) on METH-exposed SH-SY5Y cells. Furthermore, we detected
the expression levels of IL-8 and the nuclear factor-kappa B (NF-kB) pathway in US7MG
cells and then co-cultured the two cell types to determine the role of CXCR1 and
IL-8 in neuronal apoptosis. Our results indicated that METH exposure increased
CXCR1 expression both in vitro and in vivo, with the effects obtained in vitro being
dose-dependent. Silencing of CXCR1 expression with siRNAs reduced the expression
of cleaved caspase-3, cleaved poly (ADP-ribose) polymerase (PARP), and other related
proteins. In addition, IL-8 expression and release were increased in METH-exposed
U87MG cells, which is regulated by NF-kB pathway. Neuronal apoptosis was attenuated
by siCXCR1 after METH treatment in the co-cultured cells, which can be reversed
after exposure to recombinant IL-8. These results demonstrate that CXCR1 plays an
important role in neuronal apoptosis induced by METH and may be a potential target for
METH-induced neurotoxicity therapy.

Highlights

— Methamphetamine exposure upregulated the expression of CXCR1.
— Methamphetamine exposure increased the expression of interleukin-8 through
nuclear factor-kappa B pathway.

Abbreviations: Bay 11-7082, ((E)3-[(4-methylphenyl)-sulfonyl]-2-propenenitrile; CNS, central nervous system; CXCR1,
C-X-C motif chemokine receptor 1; DMEM, Dulbecco’s modified Eagle’s medium; FBS, Fetal bovine serum; IKK, IkB
kinase; IL, Interleukin; METH, Methamphetamine; NF-kB, nuclear factor-kappa B; PARP, poly(ADP-ribose) polymerase;
VDF, Polyvinylidenedifluoride; SDS-PAGE, Sodium dodecyl sulfate polyacrylamide gel.
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Du et al. CXCR1 Medicates METH-Induced Neuronal Apoptosis
— Activation of CXCR1 by interleukin-8 induces an increase in methamphetamine-
related neuronal apoptosis.
Keywords: methamphetamine, CXCR1, IL-8, neurotoxicity, apoptosis, astrocytes
BACKGROUND chemokine receptors, including CXCR1 and CXCR2 (Dorf et al.,

Methamphetamine (METH) is a highly addictive psychoactive
drug that can have a significant injurious effect on the central
nervous system (CNS). The abuse of METH has become more
common than that of either heroin or cocaine and has thus placed
great pressure on the economy and social order (Dinis-Oliveira
et al., 2012).

Clinical and animal model studies of METH have shown that
long-term consumption of METH results in significant damage
to the dopaminergic system, including direct pharmacological
damage of the sensitive brain region (Kita et al., 2009; Zhang
etal,, 2013), oxidative stress and inflammatory lesions, along with
the destruction of dopaminergic neurons (Huang et al., 2015).

Our previous studies and other laboratories’ research
found that METH can cause neuronal apoptosis through
P53 upregulated modulator of apoptosis (PUMA), insulin-like
growth factor-binding protein 5 (IGFBP5), and other pathways
(Qiao et al., 2014; Carmena et al., 2015; Chen C. et al., 2016;
Mendieta et al., 2016). However, the treatment of primary
astrocytes with METH showed that the nuclear import of nuclear
factor-kappa B (NF-kB) could be increased through Toll-like
receptor 4, leading increased release of pro-inflammatory
cytokines, such as interleukin (IL)-1p and IL-18 (Du et al., 2017).
Our recent study showed that the regulation of chemokines
through a NF-«kB/IL-8/C-X-C motif chemokine receptor 1
(CXCR1) pathway may play an important role in METH-induced
neuronal apoptosis.

The pro-inflammatory IL-8 is a multi-functional CXC
chemokine of about 75 amino acids in length (Waugh
and Wilson, 2008; Citro et al, 2015). Numerous stresses,
including inflammatory signals such as IL-1p and tumor
necrosis factor alpha, environmental stresses (including hypoxia
and/or reactive oxygen species) or surgical damage can
induce IL-8 expression (Hoffmann et al, 2002; Sordillo
and Helson, 2015). It turns out that both astrocytes and
neurons produce IL-8 in vitro, stimulated by pro-inflammatory
cytokines (Vlahopoulos et al., 1999; Waugh and Wilson,
2008; Kou et al, 2011). It has also been demonstrated
that exposure of the cells to CpG oligodeoxynucleotides and
lipopolysaccharides (LPS) increased the expression of IL-8
through mitogen-activated protein kinase (MAPK)-dependent
and NF-kB-independent pathways (Kim et al., 2005). Two
high-affinity receptors for IL-8 in humans are designated
CXCR1 (also called IL-8R-A) and CXCR2 (Lee et al., 1992;
Loetscher et al., 1994). The two receptors are expressed not
only on leukocytes and tumor cells but also on neutrophils,
monocytes, macrophages, basophils, natural killer T-cells and
others normal cells; in addition, a lower percentage of T-cells
express CXCR1/2 (Flynn et al, 2003; Brat et al., 2005).
Additionally, it has been indicated that cells in CNS express

2000).

Chemokine IL-8, also known as CXCLS, exerts its biological
effects by binding to the specific G protein-coupled receptors
of CXCR1 and CXCR2 (Citro et al., 2015). After their
internalization (i.e.,, via MAPK, phosphoinositide 3-kinase
(PI3K), protein kinase ¢ and Src tyrosine kinase, etc.), a wide
range of intracellular pathways are activated (Takahashi et al,,
2007; Citro et al., 2015). Therefore, in certain pathological
conditions, CXCRI is crucial in inflammatory injury and may
be a promising target for neuronal apoptosis (Clunes and
Boucher, 2007; Eltzschig and Eckle, 2011). However, the role of
CXCRI1 in neuronal apoptosis induced by METH remains to be
investigated.

We hypothesized that CXCR1 would mediate METH-induced
neuronal apoptosis and that the blockade of CXCRI expression
might partially protect against METH-induced neuronal
apoptosis. In this study, we examined CXCR1 levels, and they
showed elevated expression in METH poisoning models in vivo
and in vitro. We also found that METH treatment of astrocytes
resulted in increased expression of IL-8 through the activation
of the NF-kB pathway. The apoptosis of neurons increased with
the addition of exogenous IL-8, while the apoptosis of neurons
was reduced after the silencing of CXCRI1. These findings
indicated that CXCRI activation is important in the process
of METH-induced neuronal apoptosis. Our study showed that
CXCRI may be a potential target in the mitigation of neuronal
damage and apoptosis induced by METH.

MATERIALS AND METHODS

Materials

High Glucose Dulbecco’s modified Eagle’s medium (DMEM),
fetal bovine serum (FBS), opti-MEM, Lipofectamine 3000 and
trypsin were purchased from Gibco (Carlsbad, CA, USA).
METH (>99% purity) was obtained from the National
Institutes for the Control of Pharmaceutical and Biological
Products (Beijing, China). Anti-cleaved poly (ADP-ribose)
polymerase (PARP), anti-cleaved caspase3, anti-IKK-a, anti-
IKK-B, anti-phospho-IKKa/B, anti-phospho-NF-kB, anti-IkB
and anti-rabbit and mouse IgG (H + L), F(ab’)2 fragment (Alexa
Fluor 555 conjugated) were purchased from the Cell Signaling
Technology (Boston, MA, USA). Anti-NeuN was purchased
from Abcam (Cambridge, UK). Anti-NF-kB, anti-Bax, anti-
Bcl-2 and anti-IL-8 were purchased from ABclonal Inc (College
Park, MD, USA). Anti-B-actin and goat anti-mouse and rabbit
IgG (H + L)-HRP were purchased from Beijing Ray Antibody
Biotech (Beijing, China). Anti-CXCR1 was purchased from
Bioss (Beijing, China). Fluorescein (FITC)-conjugated goat
anti-mouse and rabbit IgG were purchased from DingGuo

Frontiers in Cellular Neuroscience | www.frontiersin.org

August 2018 | Volume 12 | Article 230


https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-neuroscience#articles

Du et al.

CXCR1 Medicates METH-Induced Neuronal Apoptosis

(Beijing, China). siRNAs for CXCR1 was purchased from the
Shanghai GenePharma Company Limited (Shanghai, China).
Human IL-8 ELISA kit was purchased from Cusabio Biotech
(Wuhan, China). Super ECL Assay was purchased from KeyGEN
Biotech (Nanjing, China). Recombinant IL-8 was purchased
from PerproTech (Rocky Hill, NJ, USA). Bay 11-7082 ((E)3-[(4-
methylphenyl)-sulfonyl]-2-propenenitrile; a NF-«kB inhibitor)
was purchased from SelleckChem (Houston, TX, USA). Other
reagents, unless specifically mentioned, were purchased from
Sigma-Aldrich (St. Louis, MO, USA).

Animal Protocol

Healthy adult male C57BL/6 mice (18-22 g, 6-8 weeks old)
were purchased from Southern Medical University Experimental
Animal Center (Guangzhou, China) and placed individually in a
temperature-controlled tub cage (approximately 22°C) with 12 h
of light/dark cycle room. All procedures involving animals were
performed in accordance with the ethical standards of Ethics
Committee of Nanfang Hospital, Southern Medical University
and with the 1964 Helsinki Declaration and its later amendments
or comparable ethical standards. This article does not contain
any studies with humans performed by any of the authors.
Mice were placed in animal facilities for 1 week before use to
make them accustomed. Mice were randomly divided into two
groups (n = 3/group): saline control group and METH subacute
exposure group. METH is dissolved in physiological saline. Mice
in the subacute exposure group received an intraperitoneal (i.p.)
METH injection (15 mg/kg/injection) every 12 h for a total of
eight injections. This pattern of exposure is based on our and
other previous studies (Cadet et al., 2003; Krasnova and Cadet,
2009; Qiao et al., 2014; Du et al., 2017). Saline control mice
were injected i.p. with a similar volume of saline. Injections were
performed at the same time as the subacute exposure group. All
animals survived throughout the study. Mice were euthanized
2 h after the last injection (CO; followed by decapitation). Brain
regions were rapidly isolated, and half hemispheres were cut and
placed in 4% paraformaldehyde for 24 h for immunofluorescence
experiments. The other half hemispheres were dissected to the
prefrontal cortex, hippocampus, midbrain and striatum region
on iced glass plates, rapidly frozen and stored at —80°C until
analysis.

Cell Culture

SH-SY5Y cells, a human neuroblastoma cell line and US7MG
cells, a human primary glioblastoma cell line were purchased
from the Cell Bank of Shanghai Institute for Biological Center,
Chinese Academy of Science (Shanghai, China). Cells were
cultured in DMEM medium containing 10% FBS and placed in
a 37°C constant temperature humidification, 5% carbon dioxide
cell culture box. The culture medium was changed 1 or 2 days.
Cells were passaged to 6-well plate when they reached about 80%
to 90%.

Methamphetamine and Inhibitor Treatment
Once cells were reached about 80%, medium was changed to
non-serum medium. Then cells were exposed to 0, 0.5, 1.0, 1.5,
2.0 and 2.5 mM METH in U87MG cells or SH-SY5Y cells for

24 h. This concentration range was selected based on our and
others previous studies (Cisneros and Ghorpade, 2014; Zhang
et al,, 2015; Cao et al., 2016) and this concentration covers the
non-toxic, sub-toxic and 50% lethal concentrations of METH
(Chen C. et al., 2016). In the experiments with inhibitor Bay
11-7082, the cells were pre-cultured for 12 h with 10 pM Bay
11-7082 and then incubated with 2.0 mM METH for 24 h.
The concentration of Bay 11-7082 was selected based on earlier
studies (Pierce et al., 1997; Zanotto-Filho et al., 2011) and this
concentration had optimal inhibition effects in our experiment.

Co-culture of US7MG Cells and SH-SY5Y

Cells

U87MG cells and SH-SY5Y cells were cultured to a density of
90% and passaged into transwell dishes (0.4 uM; purchased from
Corning (Corning, NY, USA)). SH-SY5Y cells were plated in
the upper chamber of the transwell plate and U87MG cells were
spread on the bottom of the transwell plate and cultured to a
density of 70% to 80% respectively. The upper chamber was
then placed above the lower chamber and exposed to 2.0 mM of
METH for 24 h.

Western Blot Analysis

We used a Radio Immunoprecipitation Assay (RIPA) cleavage
method to extract cell protein. Protein concentration was
determined by BCA-100 protein quantification kit, which
was purchased from Biosharp (Hefei, China). A sample of
50 ug of protein were taken and separated by 10% to 15%
polyacrylamide gel electrophoresis. The protein was transferred
to polyvinylidenefluoride (PVDF) membrane (Millipore,
Billerica, MA, USA) and then the PVDF membranes were
incubated for 1 h at room temperature (RT) in 5% (w/v) skim
milk in tris-buffered saline containing 0.1% Tween 20 (TBST),
followed by incubated overnight with a primary antibody at
4°C (1:500-1:1,000) in TBST. Next, the PVDF membranes
were washed for three times with TBST and then incubated
for 1 h at RT with secondary antibody (1:10,000) followed
by three times washing with TBST. The membranes were
developed with 200 pl of super ECL assay. The band intensities
were quantitated by Gel-Pro analyzer (Media Cybernetics
Inc., Rockville, MD, USA). We used B-actin as our reference
index, and each experiment was repeated three times, with
the most representative results presented in the current
manuscript.

Small Interfering Ribonucleic Acid and

Transient Cell Transfection
Transfection was performed as described previously (Du et al.,
2017). The sequences of small interfering ribonucleic acid

TABLE 1 | The sequences of small interfering ribonucleic acids (siRNAs) used in
the present study.

Gene Number The sequence of siRNA (5'-3')

CXCR1 1 CCGCCAGGCUUACCAUCCAAACAAU
CXCR1 2 UCGUGCCGCUGUUUGUCAUGCUGUU
Negative control 1 UUCUCCGAACGUGUCACGUTT
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(siRNA) are shown in Table 1. Twenty-four hours before
transfection, 4—5 x 10° SH-SY5Y cells were seeded on 6-well
culture plates, and 2 ml of DMEM medium containing 10% FBS
was added to each well. Then, 20 wMol of CXCRI siRNA or
control siRNA (siNC) (GenePharma, Shanghai, China) and 5 pl
of lipofectamine 3000 reagent were added to 1 ml opti-MEM
medium. The mixed solution was incubated at RT for 20 min, and
then added to each well of the culture plate in conjunction with
gentle shaking and mixing. The cell culture plates were placed in
incubator for 6-12 h and then 1 ml complete medium was added
in each well.

Double Immunofluorescence Labeling

Double immunofluorescence labeling was performed as
described previously (Du et al, 2017). To determine
CXCRI expression levels in SH-SY5Y cells and mice midbrain

samples, double immunofluorescence labeling on cells and
frozen sections of adult mice midbrains was performed.
For immunolabeling, SH-SY5Y cells were seeded on glass
bottom cell culture dishes (NEST, Shanghai, China). Cells were
fixated in 4% paraformaldehyde. Then cells were incubated
with blocking buffer (10% BSA and 0.05% Triton X-100) for
30 min at RT, with the primary antibody (anti-NeuN dilution
of 1:200 and anti-CXCR1 dilution of 1:100) overnight at
4°C, and then with the secondary antibody for 1 h at RT (FITC
conjugated anti-mouse or rabbit IgG dilution of 1:50, Alexa Fluor
555 conjugated anti-mouse or rabbit IgG dilution of 1:200). All
incubation solutions were prepared using PBS supplemented
with 10% BSA and 0.05% Triton X-100. 4’,6-diamidino-2-
phenylindole (DAPI) was used to stain nucleus. The frozen
tissue sections were incubated with cold acetone for 15 min
to remove the embedding agent. The rest of the steps are the
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FIGURE 1 | Methamphetamine (METH) increased C-X-C motif chemokine receptor 1 (CXCR1) expression in the brain of male C57BL/6 mice. Male C57BL/6 mice
were divided randomly into two groups: experimental group and control group (n = 3/group). Animals were injected intraperitoneally (i.p.) with METH (eight injections,
15 mg/kg/injection, at 12-h intervals) or saline. The prefrontal cortex, hippocampus, midbrain and striatum tissues were separated on ice at 2 h after the last dosing.
Western blot (A-D) and quantitative analyses (E) were performed to determine CXCR1 expression. p-actin was used as a loading control. Fold induction relative to
the control group is shown. *Represents a significant difference as compared with the control or vehicle-treated group, *p < 0.05. Results are expressed as the
mean =+ standard deviation (SD) of three experiments. Data were analyzed with Student’s t-test. Immunolabeling and confocal imaging analyses (F) showed
increased CXCR1 expression in the midbrain of METH-exposed mice in comparison with in the controls. Scale bar, 15 uM.
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same as for the cells. Microphotographs were taken using 10 min at RT and then incubated for 1 h in cell culture
fluorescence microscopy (A1+/A1R+; Nikon). All digital images  incubator by adding terminal deoxynucleotidyl transferase

were processed using the same settings to improve the contrast. enzyme conjugated to fluorescein, which was followed by

the introduction of DAPI for nuclear count staining. The
Enzyme Linked Immunosorbent Assay cross-sectional fragment was observed under a fluorescence
(ELISA) microscope. Treatment in the control group was consistent with

the addition of terminal deoxynucleotide transferase. TUNEL-

ELISA was performed as Human IL-8 ELISA kit directions positive cells and DAPI-positive cells were counted.

described (Cusabio Biotech, China). Briefly, add 100 pl of
standard or test sample per well and incubate for 2 h at 37°C. ot :
Remove the liquid of each well and add 100 pl of primary Statistical Analysis
antibody and incubate for 1 h at 37°C. Remove the liquid, wash
the plate three times with PBS for 2 min each time, add 100 1
horseradish peroxidase labeled avidin secondary antibody, and
incubate for 1 h at 37°C. Remove the liquid, wash the plate three
times with PBS, add 90 L1 of the substrate solution. Incubate for
15-30 min at 37°C to avoid light. Add 50 pl of stop solution
to stop the reaction. Determine the optical density of each well RESULTS
within 5 min, using a microplate reader set to 450 nm.

Statistical analysis of data was performed with Student’s ¢-test
and one-way analysis of variance (ANOVA) followed by Least
Significant Difference (LSD) post hoc analyses using SPSS
20.0 software (IBM Corporation, Armonk, NY, USA). Data given
in the text are expressed as mean =+ standard deviation (SD). The
value of P < 0.05 was considered statistically significant.

Methamphetamine-Induced
Terminal Deoxynucleotidyl Transferase CXCR1 Expression in Neurons
dUTP Nick End-Labeling (TUNEL) Staining In order to determine the role of CXCR1 in METH-triggered
The DNA fragments of the apoptotic neurons were detected  neurotoxicity, a mouse model treated with METH (eight
according to the instructions of a terminal deoxynucleotidyl injections, 15 mg/kg/injection, given at 12-h intervals) was
transferase dUTP nick end labeling (TUNEL) fluorescent used to detect the expression of CXCRI in vivo. We
reagent. First, cells were fixed with 4% paraformaldehyde for  separated the brain regions of prefrontal cortex, hippocampus,
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FIGURE 2 | METH increased CXCR1 expression in neurons. SH-SY5Y cells were exposed to 0.5 mM, 1 mM, 1.5 mM, 2 mM and 2.5 mM of METH for 24 h (A) or

2 mM of METH for 24 h (C). Western blot (A) and quantitative analyses (B) were performed to determine CXCR1 protein expression. B-actin was used as a loading
control. Fold induction relative to the control group is shown. *Represents a significant difference as compared with the control or vehicle-treated group, *p < 0.05.
Results are expressed as the mean + SD of three experiments. Data were analyzed with one-way ANOVA followed by least significant difference (LSD) post hoc
analyses. Immunolabeling and confocal imaging analyses (C) showed elevated CXCR1 expression in the SH-SY5Y cells treated with METH in comparison with in the
controls. Scale bar, 50 pM.
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FIGURE 3 | Silencing of CXCR1 expression with small interfering ribonucleic acid (siRNA)-attenuated METH-induced neuronal apoptosis. SH-SY5Y cells were
transfected with siRNA targeting CXCR1 or control siRNA for 24 h, followed by 2 mM of METH treatment for 24 h. Western blot (A) and quantitative analyses

(B) were performed to determine CXCR1, cleaved caspase-3, cleaved PARP, Bax and Bcl-2 protein expression. g-actin was used as a loading control. Fold induction
relative to the control group is shown. *Represents a significant difference as compared with the non-METH-treated group, *p < 0.05. *Represents a significant
difference as compared with the scrambled + METH treated group, o < 0.05. Results are expressed as the mean 4 SD of three experiments. Data were analyzed
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midbrain and striatum for further testing. Western blot results
showed that CXCRI protein levels in the prefrontal cortex,
hippocampus and midbrain were higher in the subacute
exposure group than in the control group (Figures 1A,C-E),
while the expression of CXCRI1 in the striatum showed
no obvious effect between the two groups (Figures 1B,E).
Immunofluorescence staining results also showed that the
expression of CXCR1 was increased in the midbrain of
METH-treated C57BL/6 mice (Figure 1F). In addition, we also
observed co-localization of CXCR1 with neurons, indicating
that CXCR1 is mainly expressed in the neurons of the
midbrain.

To validate this phenomenon in vitro, we selected SH-SY5Y
cells to determine the expression of CXCR1. SH-SY5Y cells were
treated with different concentrations of METH—specifically,
0 mM, 0.5 mM, 1 mM, 1.5 mM, 2 mM, or 2.5 mM—and western
blot analysis was performed to detect CXCR1 expression. The
results showed that CXCRI1 protein expression was increased in
a dose-dependent manner in the SH-SY5Y cells (Figures 2A,B).
CXCRI1 protein expression was 3.25-fold higher in the 2.0 mM
METH-treated SH-SY5Y cells for 24 h than in the control
cells. Immunofluorescence staining results demonstrated the
same results (Figure 2C). These findings suggest that METH
exposure induces CXCR1 protein expression both in vivo and
in vitro.

Importance of CXCR1 Induction

in Neuronal Apoptosis Induced

by Methamphetamine

To confirm the relationship of CXCR1 and neurotoxicity
induced by METH, we designed two siRNA sequences for
SH-SY5Y cells to silence CXCRI expression. The results
showed that both of the siRNA sequences could attenuate
CXCRI1 induction effectively in SH-SY5Y cells (Figures 3A,B).

After pre-treatment with siRNA#1 or siRNA#2 of CXCRI, the
cells were treated with METH (2 mM, 24 h). CXCR1 protein
expression decreased respectively, as compared with in the
siRNA-NC + METH treatment group (Figures 3A,B).

To evaluate the protective effect of CXCRI silencing
from METH-induced neuronal apoptosis, we determined
the expression of cleaved caspase-3 and cleaved PARP by
western blot analyses. We found that METH increased the
level of cleaved caspase-3 and cleaved PARP obviously;
this effect was significantly inhibited after CXCRI1 silencing
(Figures 3A,B). We then sought to examine whether Bcl-2/Bax
are involved in METH-induced CXCRI1-mediated neuronal
apoptosis. Western blot analyses were performed to detect
changes in Bcl-2 and Bax expression levels with and without
CXCR1 knockdown. The results showed that the expression
level of Bcl-2, an antiapoptotic factor, was increased following
CXCR1 knockdown in comparison with in the si-NC + METH
treatment group, while the expression level of Bax, a proapoptotic
factor, was decreased (Figures 3A,B). Taken together,
these results suggest that the silencing of CXCRI1 inhibits
the Bcl-2/Bax expression and that CXCRI participates in
the mitochondria-mediated apoptosis pathway triggered by
METH.

Methamphetamine Increases the
Expression of Chemokine IL-8 via Nuclear

Translocation of NF-kB in Astrocytes

We have demonstrated that the expression of CXCRI is
upregulated in METH-treated SH-SY5Y cells and may be
involved in METH-induced apoptosis. IL-8 is a cytokine
secreted mostly by macrophages and epithelial cells. Studies
have demonstrated that astrocytes can also secrete IL-8, so
we applied METH in human-derived U87MG cells and found
that the expression of IL-8 was increased in a dose-dependent
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manner (Figures 4A-C). Specifically, at 2.0 mM, IL-8 protein
expression in the U87MG cells was ~1.77-fold higher than
in the control cells. Similar effects were observed in the
medium of the cells. The concentration of IL-8 in the medium
was ~1.38-fold higher than in the control (Figure 4C).
According to our previous study, the expression of transcription
factor NF-kB was upregulated in the METH-treated primary
cultured C57BL/6 mouse astrocytes. To verify whether the
NF-kB pathway is activated in U87MG cells, cells were
exposed to 2.0 mM of METH and then western blot analysis
was performed to detect the expressions of NF-kB and
phosphor-NF-kB. The results showed that NF-kB protein
expression was increased slightly and that phosphor-NF-«B
protein expression was significantly increased (Figures 4D,E)
in the METH-treated U87MG cells as compared with in
the control. The expression of IkB kinase (IKK)-a did not
change significantly, but the expressions of both IKK-B and
phosphor-IKK-a/p were increased, respectively (Figures 4D,E).
IkB was significantly decreased in the METH-treated U87MG

cells. Taken together, these results showed that METH
exposure induces the activation of the NF-kB pathway in
U87MG cells. To confirm whether the release and expression
of IL-8 is associated with NF-kB pathway activation in
METH-treated U87MG cells, the inhibitor of NF-kB, Bay 11-
7082, was administered to U87MG cells and western blot
was performed. Results showed that a blockade of NF-kB
reduces METH-induced IL-8 expression in U87MG cells
(Figures 4EG). We also detected the concentration of IL-8
in culture medium by ELISA; similar effects were observed
(Figure 4H).

Co-culture of U87MG Cells and SH-SY5Y
Cells Reduced the Apoptosis of SH-SY5Y
Cells Induced by Methamphetamine

To explore the effects of METH on neurons in a co-culture
mode of astrocytes and neurons, we constructed a cell
co-culture model using transwell chambers (Figure 5A).
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FIGURE 4 | METH increases the expression of chemokine interleukin (IL)-8 via nuclear translocation of NF-kB in astrocytes. US7MG cells were exposed to 0.5 mM,
1 mM, 1.5 mM, 2 mM and 2.5 mM of METH for 24 h (A) or 2 mM of METH for 24 h (D). (F) U87MG cells were exposed to Bay 11-7082 (10 wM) for 12 h prior to
METH (2 mM) treatment as indicated. Western blot (A,D,F) and quantitative analyses (B,E,G) were performed to determine IL-8, IKK-a, IKK-8, phospho-IKK-a/B,
1kB, NF-kB and phospho-NF-kB protein expression. g-actin was used as a loading control. ELISA (C,H) was performed to detect the concentration of IL-8 in culture
medium supernatant. Fold induction relative to the control group is shown. *Represents a significant difference as compared with the non-METH-treated group,

*p < 0.05. Represents a significant difference as compared with the scrambled + METH treated group, o < 0.05. Results are expressed as the mean 4 SD of
three experiments. Data in (A,C,F,G) were analyzed with one-way ANOVA followed by LSD post hoc analyses; data in (D) were analyzed with Student’s t-test.
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FIGURE 5 | Co-culture of U87MG cells and SH-SY5Y cells reduced the apoptosis of SH-SY5Y cells induced by METH. (A) Co-culture pattern diagram. US7MG cells
and SH-SY5Y cells were cultured to a density of 90% and passaged into Transwell dishes. SH-SY5Y cells were plated in the upper chamber of the Transwell plate
and U87MG cells were spread on the bottom of the Transwell plate and cultured to a density of 70% to 80% respectively. The upper chamber was then placed
above the lower chamber and exposed to 2.0 mM of METH for 24 h. Western blot (B) and quantitative analyses (C) were performed to determine CXCR1, cleaved
caspase-3 and cleaved PARP protein expression. g-actin was used as a loading control. Fold induction relative to the control group is shown. *Represents a
significant difference as compared with the negative control group, *p < 0.05. *Represents a significant difference as compared with the scrambled + METH treated
group, *p < 0.05. Results are expressed as the mean + SD of three experiments. Data were analyzed with one-way ANOVA followed by LSD post hoc analyses.
terminal deoxynucleotidyl transferase dUTP nick end-labeling (TUNEL) staining and confocal imaging analysis (D) was performed to evaluate the SH-SY5Y cells
apoptosis. Scale bar, 15 WM. ELISA (E) was performed to detect the concentration of IL-8 in culture medium supernatant.

Western blot analysis was performed to detect the expression
of neuronal apoptosis-related protein cleaved caspase-3 and
cleaved PARP. Our results revealed that cleaved caspase-3
and cleaved PARP expression was significantly attenuated in
the co-cultured cells after METH exposure (Figures 5B,C).
Apoptosis cells were also observed with TUNEL staining
(Figure 5D). However, the expression of CXCRI showed no
significant difference between in the untreated co-culture group
and in the METH-treated co-culture group, which indicated that
CXCRI1 protein expression is induced by another way in the
co-culture model of U87MG cells and SH-SY5Y cells. We also
detected the concentration of IL-8 in culture medium by ELISA

(Figure 5E). Results showed that IL-8 expressions were increased
in METH-exposed group, whether co-culture with SH-SY5Y
or not.

Silencing of CXCR1 Expression With siRNA
Reduced Methamphetamine-Induced
Caspase-3 and PARP Activation in
Co-cultured Cell Models

To assess the apoptosis levels of co-culture cell models treated
by METH with or without CXCR1 siRNA transfection,
western blot analysis was conducted. The results are shown
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FIGURE 6 | Silencing of CXCR1 expression with siRNA-reduced METH-induced caspase-3 and PARP activation in co-cultured cell models. (A) US7MG cells and
SH-SY5Y cells were co-cultured in the same manner as before. Before METH treatment, SH-SY5Y cells were transfected with siRNA targeting CXCR1 or control
siRNA for 24 h followed by co-cultured with U87MG cells. Simultaneously, 2 mM of METH was added in the medium for 24 h. Western blot (A) and quantitative
analyses (B) were performed to determine CXCR1, cleaved caspase-3 and cleaved PARP protein expression. B-actin was used as a loading control. Fold induction
relative to the control group is shown. *Represents a significant difference as compared with the negative control group, *p < 0.05. *Represents a significant
difference as compared with siRNA NC + METH treated group, ¥p < 0.05. SRepresents a significant difference as compared with siRNA NC + METH treated
+U87MG cells co-culture group, Sp < 0.05. Results are expressed as the mean =+ SD of three experiments. Data were analyzed with one-way ANOVA followed by
LSD post hoc analyses. TUNEL staining and confocal imaging analysis (C) was performed to evaluate the SH-SY5Y cells apoptosis. Scale bar, 15 wM.

in Figures 6A,B. The expression of CXCR1 in SH-SY5Y
cells was increased in the METH-treated group with
or without U87MG cells in the co-culture as compared
with in the control group, while both of the siRNA
sequences could effectively knockdown the expression
of CXCRI. In addition, after the treatment of siRNA
of CXCRI1, cleaved caspase-3 and cleaved PARP protein
expression were significantly decreased in comparison
with in the negative control siRNA transfection group. To
confirm that silence of CXCRI1 protects against METH
induced SH-SY5Y cells apoptosis, TUNEL staining was
performed (Figure 6C). Results suggest that blockade of
CXCR1 expression reduces METH-induced apoptosis in
SH-SY5Y cells.

Interleukin-8 Increases PARP and
Caspase-3 Protein Expression Induced

by Methamphetamine in Vitro

To verify the effects of IL-8 on neurons in co-culture
models treated by METH, exogenous recombinant IL-8
was added to SH-SY5Y cells. We chose two concentrations
(10 and 100 ng/ml) to detect the effect of IL-8 on neurons,
which were obtained from previous studies (Moriceau
et al., 2009; Dwyer et al., 2012; De Buck et al., 2015). In
our experiments, these two concentrations of IL-8 had no
apparent toxic effects on neurons alone. Then, we checked
the expression levels of CXCRI1, cleaved caspase-3, and
cleaved PARP by use of western blot analysis. Results are
shown in Figures 7A,B. The expression of CXCRI, cleaved
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FIGURE 7 | IL-8 increases PARP and caspase-3 protein expression induced by METH in vitro. SH-SY5Y cells were treated with 10 ng/ml or 100 ng/ml recombinant
human IL-8 for 24 h, given 2 mM of METH simultaneously. Western blot (A) and quantitative analyses (B) were performed to determine CXCR1, cleaved caspase-3
and cleaved PARP protein expression. B-actin was used as a loading control. Fold induction relative to the control group is shown. *Represents a significant
difference as compared with the negative control group, *p < 0.05. #*Represents significant difference from METH treated group without IL-8 treatment, #p < 0.05.
SRepresents a significant difference as compared with IL-8 (10 ng/mg) treated group, $p < 0.05. ~Represents a significant difference as compared with IL-8

(100 ng/mg) treated group, “p < 0.05. Results are expressed as the mean + SD of three experiments. Data were analyzed with one-way ANOVA followed by LSD
post hoc analyses. TUNEL staining and confocal imaging analysis (C) was performed to evaluate the SH-SY5Y cells apoptosis. Scale bar, 15 WM.
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caspase-3 and cleaved PARP were increased following
recombinant IL-8 treatment. Interestingly, METH and
two concentrations of recombinant IL-8 exposure together
increased the expression of CXCRI, and the expression
of cleaved caspase-3 and cleaved PARP was much more
increased. We also investigated whether the recombinant
IL-8 affects METH-induced neuronal apoptosis using TUNEL
staining (Figure 7C). These results further demonstrate
that IL-8-CXCR1 is involved in METH-induced neuronal
apoptosis.

DISCUSSION

In recent years, scholars have studied the direct effects of METH
from the classical dopaminergic-related neurotoxicity to more
aspects. Researches showed that METH also has direct toxic
effects on other cells. The results of our institute and other
investigators showed that METH mediates apoptosis of the
brain’s vascular endothelium through endoplasmic reticulum
stress (Cai et al, 2016), mediates the opening of the blood-
brain barrier (Xie et al, 2018), activation of astrocytes (Du

et al, 2017), and even has some toxic effects to liver and

cardiovascular system (Chen R. et al., 2016; Xie et al., 2018).
Studies have shown that non-dopaminergic neuron systems play
an important role in the development of Parkinson’s disease
(Guyenet and Crane, 1981; Bonnet, 2000; van der Heeden et al.,
2014). METH exposure leads to the loss of neurons in the
cerebral cortex and selectively damage pyramidal neurons in
the CA3 region of the hippocampus and granule cells with
dendritic cells activated by microglia (Kuczenski et al., 2007).
In summary, these studies provide more potential targets for
METH.

In the present study, demonstrated that
CXCRI expression is increased after METH exposure in vivo
and in vitro. We also report that silence of CXCR1 expression
using siRNA sequences can protect neuronal apoptosis caused by
METH in vitro and promote the protective effect of astrocytes.
We hypothesized that injury and protection coexist in the
effect of astrocytes on METH-induced neuronal apoptosis.
IL-8—CXCR1 may play an important role in this dynamic
balance.

CXCR1 is a member of the G protein-coupled receptor
family that is also a receptor for IL-8. CXCR1 binds IL-8
with high affinity and transduces the signal via the secondary

we have
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messenger system activated by the G protein (Park et al., 2012;
Risnik et al., 2017). Studies have shown that stimulating the
neutrophil surface of CXCR1 can lead to neutrophil chemotaxis
and activation (Ocana et al., 2017; Tavares et al., 2017), and
inhibition of CXCR1 and CXCR2 can reduce the migration of
neutrophils to tumor regions (Tavares et al., 2017). Furthermore,
oncology research has suggested that blocking CXCR1 can
inhibit the differentiation of breast cancer stem cells (Jia et al.,
2017), and that CXCRI is overexpressed in the development
of malignant melanoma and involved in cell growth and
angiogenesis (Uen et al., 2015; Jacquelot et al., 2016). In the
meantime, other study has demonstrated that CX3CR1 can
mediate neuronal apoptosis in a cerebral ischemic model, thus
potentially playing a role in the pathophysiology of stroke (Wang
et al., 2018).

In the current study, we found that the METH exposure
increased the expression of CXCRI in vivo and in vitro.
Immunofluorescence co-localization experiments showed
that CXCR1 was mainly expressed on neurons in the
midbrain of METH-exposed mice. Besides, the induction
of CXCR1 expression by METH occurred in a dose-dependent
manner. Inhibition of CXCRI1 expression by siRNA sequences
also attenuated METH-induced neuronal apoptosis. To verify
the role of CXCRI in METH-induced neuronal apoptosis, we
examined two important molecules involved in mitochondrial
apoptosis, Bax and Bcl-2. Bax, a water-soluble protein
homologous to Bcl-2, is an apoptosis-promoting gene in
the Bcl-2 gene family. Bax overexpression can antagonize
the protective effect of Bcl-2 and cause cell death (Kuwana
et al., 2005; Chen C. et al.,, 2016). In our previous study, we
found that METH exposure can result in the overexpression
of Bax and the silencing of Bcl-2 through PUMA, which
leads to the mitochondrial apoptotic pathway by releasing
cytochrome (Chen C. et al.,, 2016). The present results showed
that, after CXCR1 was inhibited, the expression of Bax was
downregulated and the expression of Bcl-2 was upregulated.
Meanwhile, the expression of cleaved caspase-3 and cleaved
PARP were downregulated, indicating that CXCR1 can mediate
METH-induced neuronal apoptosis through the mitochondrial
apoptosis pathway.

IL-8 is also known as neutrophil chemokine. It induces target
cell chemotaxis, primarily in neutrophils and other granulocytes,
causing them to migrate toward the site of infection. IL-8
also induces phagocytosis and is considered to be a potent
promoter of angiogenesis (Han et al, 2018; Paulitti et al,
2018). IL-8 can be secreted by any cell that has a Toll-like
receptor that is associated with an innate immune response.
In our previous study, it was found that Toll-like receptor
four mediates METH-induced activation of astrocytes through
the NF-kB and caspase-11 signaling pathways (Du et al,
2017). Thus, we detected the expression of IL-8 in U87MG
cells and in the culture medium. Results showed that METH
application caused the production and secretion of IL-8 in
U87MG cells. Furthermore, we also demonstrated that METH
exposure induced activation of the NF-kB pathway in U87MG
cells, which regulated the expression of IL-8. These findings are
consistent with previous studies that suggested that the NF-«B

pathway was activated in primary cultured astrocytes exposed to
2.0 mM of METH.

Previous studies have focused on the role of METH in
the context of one type of cell, through PUMA, IGFBP5 and
other ways to induce neuronal apoptosis (Qiao et al., 2014;
Chen C. et al,, 2016); METH through NF-kB, caspase-11 and
other ways to the induce activation of astrocytes was also
evaluated (Du et al., 2017). However, under the stimulation
of METH, one question that has not been answered is
regarding what happens to neurons when astrocytes and
neurons are co-cultured. Studies have found that glial cells
involved in the dopaminergic neurons damage (Krencik et al,,
2017; Ugbode et al, 2017; Facci et al., 2018). Astrocytes
may affect neuronal conditions through diverse molecules
such as a-syn or glutamate, with the effect possibly being
either protection or damage (Gustafsson et al., 2017; Lee
et al., 2017; Madji Hounoum et al., 2017; Yu et al, 2018).
In the present study, we used a noncontact, sandwich-type
neuron-astrocyte co-culture to study the effects of astrocytes
on neurons under the action of METH. Results showed
that the neuronal apoptosis was significant reduced in the
co-culture group with 2.0 mM of METH for 24 h. This
effect is similar to the research of PD, astrocytes rapidly
engulf a-syn oligomers resulting in impaired mitochondria,
thereby protecting neurons (Gustafsson et al., 2017). According
to current research and previous studies (Du et al, 2017),
METH treatment of astrocytes alone can cause activation
of the TLR4—NF-kB pathway and increased expression of
IL 1, 8 and 18. But according to the results of co-culture,
astrocytes in the co-culture system protected the damaged
neurons. Therefore, we speculate that astrocytes present
different states under different processing conditions, and their
neuroprotective and injury effects are dynamically balanced. In
the present study, the overall performance of astrocytes is the
protection state. However, the specific mechanism needs further
research.

Other novel findings are that knockdown CXCRI expression
can reduce neuronal apoptosis in an increased fashion. To test
whether IL-8 plays a role in this process, we administered
exogenous recombinant IL-8 to SH-SY5Y cells in combination
with METH. As a result, IL-8 was found to enhance
METH-induced apoptosis and to significantly up-regulate
CXCRI1 expression. These data demonstrated that CXCRI plays
an important role in METH-induced neuronal apoptosis and that
the IL-8 secreted by astrocytes is involved in activating CXCRI1.
The role of astrocytes in neuronal repair may be a double-sided
and dynamically balanced process, with damage and protection
existing simultaneously. Further studies are needed to illustrate
the role of astrocytes.

CONCLUSION

In summary, this study demonstrated that CXCR1 plays an
important role in neuronal apoptosis induced by METH.
The blockade of CXCRI1 expression significantly attenuated
METH-induced neuronal apoptosis and enhanced the protective
effect of astrocytes on neurons. Moreover, we provide evidence
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that IL-8 plays a role in neuronal injury. The underlying
mechanisms about how astrocytes play a neuroprotective role in
the fact of METH exposure and whether other effects could occur
requires further research.
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A Novel Tetramethylpyrazine
Derivative Protects Against
Glutamate-Induced Cytotoxicity
Through PGC1a/Nrf2 and PISK/Akt
Signaling Pathways

Haiyun Chen'2, Jie Cao?, Zeyu Zhu?, Gaoxiao Zhang?, Luchen Shan2, Pei Yu?,
Yuqiang Wang?, Yewei Sun?* and Zaijun Zhang?*

" Institute of Biomedical and Pharmaceutical Sciences, Guangdong University of Technology, Guangzhou, China, ? Institute of
New Drug Research and Guangzhou Key Laboratory of Innovative Chemical Drug Research in Cardio-Cerebrovascular
Diseases, Jinan University College of Pharmacy, Guangzhou, China

Glutamate-induced excitotoxicity is one of the main causes of neuronal cell death in
stroke. Compound 22a has been previously reported as a promising neuroprotective
compound derived from tetramethylpyrazine, which is a widely used active ingredient
of traditional Chinese medicine Chuanxiong (Ligusticum wallichii Franchat). Compound
22a can protect neurons from oxidative stress-induced PC12 cell death and alleviates
the infarct areas and brain edema in a rat permanent middle cerebral artery occlusion
model. In the current work, we further investigated the neuroprotective effects and
underlying mechanisms of compound 22a against glutamate-induced excitotoxicity in
primary culture of rat cerebellar granule neurons (CGNs). We found that pretreatment
with compound 22a prevented glutamate-induced neuronal damage by maintaining
mitochondrial membrane potential and attenuating cellular apoptosis. Compound 22a
could also enhance peroxisome proliferator-activated receptor gamma coactivator 1-
alpha (PGC1a) transcriptional activity and induce nuclear accumulation of Nrf2 in PC12
cells. Accordingly, pretreatment with compound 22a reversed the glutamate-induced
down-regulation of expression of the proteins PGC1a, transcriptional factor NF-E2-
related factor 2 (Nrf2), and hemooxygenase 1 (HO-1). In addition, compound 22a
increased the phosphorylation of phosphoinositide 3-kinase (p-PI3K), phosphorylated
protein kinase B (p-Akt), and glycogen synthase kinase 3B (p-GSK3B). Meanwhile,
the small interfering RNA-mediated silencing of PGCla expression and selective
inhibitors targeting PI3K/Akt (LY294002 and Akt-iv) could significantly attenuate the
neuroprotective effect of compound 22a. Taken together, compound 22a protected
against glutamate-induced CGN injury possibly in part through regulation of PGC1a/Nrf2
and PIBK/Akt pathways.

Keywords: ischemic stroke, tetramethylpyrazine derivative 22a, excitotoxicity, neuroprotection, peroxisome
proliferator-activated receptor gamma coactivator 1-alpha

Abbreviations: Akt, protein kinase B; CGN, cerebellar granule neurons; Cyt C, cytochrome ¢; GSK3B, glycogen synthase
kinase 3p; HO-1, hemooxygenase 1; MMP, mitochondria membrane potential; Nrf2, transcriptional factor NF-E2-related
factor 2; PGCla, peroxisome proliferator-activated receptor gamma coactivator 1-alpha; PI3K, phosphatidylinositol 3-kinase;
ROS, reactive oxygen species; TMP, tetramethylpyrazine.
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INTRODUCTION

Ischemic stroke is one of the major causes of human death and
disability worldwide (Donnan et al., 2008). Glutamate-induced
excitotoxicity has been demonstrated to be involved in neuronal
cell death in stroke (Lai et al., 2014). Physiologically, glutamate
acts as one of the main excitatory neurotransmitters in the
central nervous system (CNS), contributing to normal neural
transmission, development, differentiation, and plasticity. Under
pathological conditions, however, overproduction of extracellular
glutamate leads to uncontrolled, continuous depolarization of
neurons in a toxic process called excitotoxicity. Glutamate-
induced excitotoxicity is associated with the over-stimulation of
glutamate receptors, inducing the impairment of intracellular
Ca?* homeostasis and subsequently leading to overproduction of
free radicals, overactivation of proteases and kinases, etc. (Wang
and Qin, 2010; Lai et al, 2014). Particularly, the overloading
intracellular Ca?* and overproduction of free radicals have been
shown to induce mitochondrial dysfunction by down-regulating
PGCla, which plays a protective role against neurodegenerative
conditions (Sano and Fukuda, 2008; Wareski et al., 2009).
Although great progress has been made, the exact mechanism
underlying glutamate-induced cytotoxicity is still not clear.
Nonetheless, it has been reported that dysregulation of PI3K/Akt
and Nrf2 signaling pathways contributes to glutamate-induced
excitotoxicity (Jing et al.,, 2012; Pang et al., 2016). Stimulation
of the PI3K/Akt pathway is neuroprotective against hypoxic
and excitotoxic neuronal death in vitro and ischemic neuronal
death in vivo, and there is increasingly evidence to indicate cross
talk between the Nrf2 and PI3K/Akt pathways in response to
glutamate caused cell injury (Jo et al., 2012; Lee et al., 2015).
Since the exact causes of ischemic stroke have yet to be
elucidated, currently there are no pharmacological treatments to
ameliorate glutamate excitotoxicity and provide neuroprotection
for brain ischemic stroke (Lau and Tymianski, 2010).
Thrombolysis via the intravenous (i.v.) administration of
recombinant tissue plasminogen activator remains the only
treatment currently available for acute ischemic stroke. In
addition, it is of great concern that clinical trials investigating
neuroprotective agents for the development of new stroke
therapies have generally been unsuccessful (Grupke et al,
2014). As a result, numerous researchers have been exploring
potentially active plant-derived agents, hoping to meet this
unmet need and discover a disease-modifying drug (Zhang
et al., 2014). Traditional Chinese medicine focuses on the overall
regulation of the pathophysiological condition of the entire body,
a trait that makes these compounds particularly promising in
the treatment of complex diseases (Ghosh et al.,, 2014). TMP
is one of the mainly biologically active constituents derived
from the traditional Chinese medicine Chuanxiong (Ligusticum
wallichii Franchat) and has been widely used to treat cardio-
and cerebro-vascular diseases in clinic (Liu et al., 2003; Xue
et al,, 2011). In our previous study, a TMP-derived compound
22a was designed to combine caffeic acid (Touaibia et al., 2011)
(another natural compound with versatile pharmacological
activities) and a nitrone group (Floyd et al., 2013) (a strong free
radical-trapping agent) with TMP. We found that compound 22a

exhibited strong ROS scavenging activity and exerted protective
effects in models of ischemic stroke in vivo (Chen et al., 2017).
In the present study, the neuroprotective effects of compound
22a against glutamate-induced excitotoxicity on primary culture
of rat CGNs, and the underlying mechanisms of action, were
further investigated.

MATERIALS AND METHODS

Chemicals and Reagents

All media and supplements used for cell cultures were purchased
from Gibco (Carlsbad, CA, United States), unless otherwise
noted. ATP assay kit was obtained from Beyotime (Beyotime,
China). LY294002 and Akt-iv was obtained from Sigma-Aldrich
(St. Louis, MO, United States). PGCla siRNA, scrambled
siRNA and transfection reagent were purchased from Santa
Cruz Biotechnology (Santa Cruz, CA, United States). RIPA
lysis buffer, phenylmethanesulfonyl fluoride (PMSF), and halt
phosphatase inhibitor cocktail were purchased from Pierce
Biotechnology (Rockford, IL, United States). Antibodies against
phospho-Ser473 Akt, phospho-Ser9 GSK3p, Bcl-2 and Bax
were obtained from Cell Signaling Technology (Beverly, MA,
United States). Antibodies against -actin, PGCla, Nrf2 and HO-
1 were obtained from Santa Cruz Biotechnology (Santa Cruz, CA,
United States). All other reagents were from Sigma-Aldrich (St.
Louis, MO, United States) except where stated otherwise.

Primary Cell Cultures

Eight-day-old Sprague-Dawley rats were obtained from the
Experimental Animal Center of Sun Yat-sen University. The
detailed methodology used to separate the CGNs is described
in our previous publication (Chen H.Y. et al, 2015). Briefly,
neurons were seeded at a density of 1.0-1.5 x 10° cells/well
in basal modified Eagle’s medium supplemented with 10% fetal
bovine serum, 25 mM KCl, 2 mM glutaMax and penicillin (100
U/mL)/streptomycin (100 pg/mL). The cultures were grown at
37°C for 24 h. The growth of non-neuronal cells was limited by
adding cytosine arabinoside (10 wM). Using this protocol, 95-
99% of the cultured cells were granule neurons. All experiments
were performed in CGNs at 8 days in vitro (DIV).

All experiments were conducted in accordance with the
guidelines of the Experimental Animal Care and Use Committee
of Jinan University. The experimental protocols were approved
by the Ethics Committee for Animal Experiments of Jinan
University.

MTT Reduction Assay

The  tetrazolium  salt  3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide dye (MTT) assay was used to
assess neurotoxicity. The assay was performed according to
the procedure described in our previous work (Chen H.Y.
et al,, 2015). Briefly, neurons were cultured in 96-well plates
for 8 DIV. Treatments of compound 22a (0.1, 1, 10, 100 uM),
TMP (100 uM) and memantine (5 pM) were used as controls
for 2 h before 200 wM glutamate was added to the media.
To determine the possible pathways involved in the effect of
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compound 22a, CGNs were pretreated with 1 pwM LY294002 (a
PI3K inhibitor) or 1 WM Akt-iv (an Akt inhibitor) for 30 min
before administration of compound 22a (10 pM), and were then
challenged by glutamate. After 24 h, the media of each well was
supplemented with 10 L of 5 mg/mL MTT, and the plate was
put in an incubator at 37°C for 4 h under humidified conditions.
A microplate reader was used to measure the absorbance of the
samples at 570 nm wavelength.

Lactate Dehydrogenase (LDH) Release

The activity of LDH released into the incubation medium was
used as an indicator to determine cellular injury. CGNs were
pretreated with compound 22a (0.1, 1, 10, 100 uM) or TMP
(100 pwM) and memantine (5 wM) for 2 h, then 200 pM
glutamate was added to incubated for 24 h. The cytotoxicity
detection kit (Roche Applied Science, Germany) was used to
determine LDH activity. LDH release was calculated according
to the manufacturer’s instructions. A microplate reader was used
to measure the absorbance at 490 nm wavelength. Cytotoxicity
(%) was calculated with the following equation:

Cytotoxicity (%) = (experimental LDH release—
spontaneous LDH release) /(Maximum LDH release—

spontaneous LDH release)*100

Experimental LDH release represents the activity of released
LDH in cells pretreated with test compounds and glutamate,
Spontaneous LDH release represents the activity of released-LDH
in untreated normal cells, and Maximum LDH release represents
maximum LDH activity determined by lysing the cells (100%
dead cells) with Triton X-100 (final concentration 2% for 4 h at
37°C). All assays were performed in six-replicates and repeated
three times.

Hoechst Staining

Chromatin condensation was detected by nucleus staining with
Hoechst 33342 (Beyotime, China) as previously described (Chen
H.Y.etal,2015). CGNs of 4-5 x 10° cells/well were cultured in a
24-well plate for 8 DIV. Pretreatment of compound 22a (100 wM)
and memantine (5 wM) as the positive control at the indicated
concentrations for 2 h before 200 pM glutamate was added into
the media. After 24 h, cells were washed with ice-cold phosphate-
buffered saline (PBS) and fixed with 4% formaldehyde in PBS.
Hoechst 33342 (5 mg/mL) was added to the media for 5 min
at 4°C. Samples were observed and photos were taken under a
fluorescence microscope. The fluorescence images were photo-
taken from three different fields of each experiment with a total of
three independent experiments. The number of apoptotic nuclei
was counted and expressed as a percentage of total 100 nuclei
counted/field.

Measurement of Intracellular Reactive
Oxygen Species (ROS)

Cerebellar granule neurons were cultured in 96-well plates at a
density of 1.0-1.5 x 10 cells/well for 8 DIV. After pretreatment
with compound 22a (0.1, 1, 10, 100 pM) or memantine (5 wM)

for 2 h, they were then exposed to 200 uM glutamate for 24 h.
The total intracellular ROS were detected using HyDCF-DA
(10 pM), and a microplate reader was used to measure the
fluorescence intensity. The fluorescence intensity/per well was
normalized against the MTT absorption value of the same well.
The fluorescence values of the treated group were calculated as a
percentage of the fluorescence of the control cells.

Measurement of Mitochondrial

Membrane Potential

Cerebellar granule neurons were placed in a 96-well plate at
a density of 1.0-1.5 x 10° cells/well. After 8 DIV, compound
22a or memantine was added to pretreat cells at the indicated
concentrations for 2 h. After exposure to 200 wM glutamate for
24 h, the cells were washed three times and then stained with
2 pM JC-1 (Beyotime, China), a molecular probe to measure
mitochondrial membrane potential (MMP), for 10 min. The
microplate reader was used to measure the fluorescence intensity
using 490 nm/530 nm excitation and 525 nm/590 nm dual
emissions. The mitochondrial accumulation of JC-1 is dependent
upon MMP, which is calculated as a decrease in the ratio of
590 nm to 525 nm emissions.

Measurement of Intracellular ATP Levels
Cerebellar granule neurons were placed in a 96-well plate at a
density of 1.0-1.5 x 10° cells/well. After 8 DIV, 22a or memantine
was added to pretreat at the indicated concentrations for 2 h.
After the following incubation with 200 wM glutamate for 24 h,
a ATP Assay Kit was used to detect the intracellular ATP levels
by using the (Beyotime, China) according to the manufacturer’s
protocol. The intracellular ATP levels of the treated group were
normalized to the control cells’.

Western Blot Assay

Cerebellar granule neurons were cultured in a 6-well plate at
a density of 2 x 10° per well in 1.5 mL. At 8 DIV, cells were
pretreated with 22a for 2 h before incubation with 200 WM
glutamate for another 12 h. Cells were harvested in a cell lysis
buffer supplemented with 1% PMSF (phenylmethanesulfonyl
fluoride) as well as 1% protease inhibitor cocktail (Roche Applied
Science). The cellular protein concentrations were determined
by the BCA assay (Pierce, Rockford, IL, United States) after
incubation for 15 min on ice and centrifugation (14,000 g) for
10 min at 4°C. SDS sample buffer was added to dilute the cell
lysates, and the mixture was heated for 5 min at 100°C. The
protein (30 jLg) was separated on a 10% SDS-polyacrylamide
gel. After transferring protein to polyvinyldifluoride membranes,
5% BSA was used as a blocking buffer to block the membranes.
After incubation with the primary antibodies at 4°C overnight,
signals were attained by binding a secondary antibody conjugated
to horseradish peroxidase. Blots were detected using the
chemiluminescence enhancer detection ECL plus kit (Fude
Biological Technology Co., Ltd., China) and images captured
using a detecting system (Carestream Health, United States).
Quantitation of the digitalized images was analyzed based on
their mean pixel density by using Carestream software system,
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and described as an expression ratio of target protein to f-actin
(aloading control protein).

Silencing of PGC1« by Small Interfering
RNA (siRNA)

Cerebellar granule neurons at 8 DIV were transfected with siRNA
using transfection reagent Opti-MEM I (Invitrogen, Carlsbad,
CA, United States) and Lipofectamine2000 (Invitrogen)
according to the manufacturer’s instructions and the previous
studies’ (Kim et al., 2014). Experiments were carried out 24 h
after the cells were transfected with PGCla siRNA or scrambled
siRNA.

PGC1a Transcriptional Activity

PCI12 cells were plated in 24-well plates and transfected with a
PGCla luciferase reporter plasmid along with Renilla luciferase
control vector by using the Amaxa Nucleofector II, which
can be used for transfection of any DNA vectors (expression
plasmids, shRNA vectors) into difficult-to-transfect cell lines and
primary cells. Then 12 h after transfection, the cells were treated
with compound 22a at the indicated concentrations for 24 h.
Cells were harvested and analyzed using a Dual-Glo luciferase

assay kit (Promega, Madison, WI, United States) following
the manufacturer’s instructions. Firefly luciferase activity was
normalized to Renilla luciferase activity.

Immunofluorescence

Cerebellar granule neurons of 4-5 x 10° cells/well were cultured
in a 24-well plate for 8 DIV, and were treated with compound 22a
(100 wM). After 12 h, cells were washed with ice-cold phosphate-
buffered saline (PBS) and fixed with 4% formaldehyde in PBS
for 30 min at room temperature. The cells were washed with
ice-cold PBS containing 5% BSA acting as a blocking buffer for
1 h at room temperature before being incubated with anti-Nrf2
antibody (1:500) overnight at 4°C. The cells were then washed
with ice-cold PBS and incubated with FITC antibody (1:200)
(Sigma-Aldrich, St. Louis, MO, United States) containing 200 nM
DAPI for 2 h at room temperature. Samples were observed and
photos were taken under a fluorescence microscope.

Statistical Analysis

All experiments were carried out at least three times with different
neuronal preparations, data from which was presented as
means = SEM. Analysis of variance (ANOVA) and Bonferroni’s
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post-test were used for statistical comparisons, with P < 0.05
being considered as statistical significance.

RESULTS

Compound 22a Effectively Prevents

Glutamate-Induced Neurotoxicity

At 8 DIV, CGNs were exposed to increasing concentrations of
glutamate, which induced a concentration-dependent neuronal
death from 50 to 1000 wM (data not shown). Since low doses
of glutamate induced apoptosis instead of necrosis in primary
CGNs (Du et al, 1997), a 200 pM glutamate concentration
that produced approximately 54% neuronal loss was used for
the subsequent experiments. Treatment with compound 22a
up to 100 pM for 24 h didn’t cause any cytotoxicity to
CGNs (Figure 1A). Pretreatment with serial concentrations of
compound 22a (1-100 pM) could prevent glutamate-induced
toxicity and the maximum cell viability reached 88.7% at 100 WM,
similar to that of positive control memantine (87.1%) and higher
than that of TMP (60.0%) (Figure 1B). The neuroprotection of
compound 22a against glutamate triggered cytotoxicity was more
potent than that of TMP.

To further confirm the protection of compound 22a against
glutamate-induced neurotoxicity, we measured the LDH release
and intracellular ROS production in CGNs. Compound 22a
and memantine significantly prevented glutamate-induced LDH

release. TMP (100 wM) had a marginal effect in this model
(Figure 1C). Furthermore, pretreatment with compound 22a
from 1 to 100 pM and memantine significantly decreased the
intracellular ROS overproduction caused by glutamate in CGNs
(Figure 1D).

Compound 22a Inhibits
Glutamate-Induced Cellular Apoptosis in
CGNs

It has been reported that a 200 uM glutamate concentration
induced neuronal damage via apoptosis (Du et al, 1997).
Compound 22a and memantine significantly reversed the
cell counts of nuclear condensation induced by glutamate
(Figures 2A,B). In Figure 2C, two apoptosis related proteins,
Bcl-2 and Bax, were determined by Western blot analysis.
It was found that pretreatment with compound 22a reversed
the Bcl-2 down-regulation and Bax up-regulation induced by
glutamate. The Bcl-2/Bax ratio was increased by pretreatment
with compound 22a in a concentration-dependent manner
(Figure 2D).

Compound 22a Improves the
Mitochondrial Dysfunction Induced by

Glutamate
To examine whether the neuroprotective effects of compound
22a was due to preservation of mitochondrial function, we

A
Control Glu Glu +22a (100 pM) Glu + MEM (5 pM)
Phase
contrast
Hoechst
staining
B C D
12
- Bcl-2 D —— — D — —
2 . % 0.9
é Bax — e e - — a— é ‘é’
z a S 0.6 *
z =%
) B-actin  am— — — — — o— m=\=03 o
2 < o.
s 6w - + + o+ o+ o+
s 2 - - 4+ 4+ o+ - 0
Control 22a MEM Control 1 10 100 5 (uM)
200 1M Glu MEM - - - - - + 22a MEM
200 pM Glu in CGNs
FIGURE 2 | 22a inhibits glutamate-induced cell apoptosis in CGNs. (A) Compound 22a prevents glutamate-induced increase of pyknotic nuclei in CGNs. CGNs
were pre-incubated with various agents for 2 h, then exposed to 200 pM glutamate. CGNs were stained with Hoechst 24 h after the glutamate challenge.
Photographs were from a representative experiment; experiments were repeated three times (original magnification 400x). (B) Statistical analysis of the number of
pyknotic nuclei. The number of pyknotic nuclei with condensed chromatin was counted from representative Hoechst staining photomicrographs and is represented
as a percentage of the total number of nuclei counted. (C) Western blot of apoptosis related proteins Bcl-2 and Bax. (D) Densitometry analysis of protein expression
ratios of Bcl-2 and Bax. Data were expressed as the mean =+ SEM of three separate experiments; *#p < 0.001 versus control group; *p < 0.05 and ***p < 0.001
versus glutamate group.
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measured the MMP collapse and mitochondrial ATP release.
Changes of MMP were monitored by a JC-1 molecular probe,
and the fluorescence shift from red to green reflected the
depolarization of MMP (Chaoui et al., 2006). It was found that
pretreatment with compound 22a concentration-dependently
and strongly restored MMP decrease (red fluorescence/green
fluorescence) in glutamate-treated CGNs (Figures 3A,B). We
also found that glutamate induced a significant decrease in
mitochondrial ATP production, whereas pretreatment with
compound 22a significantly prevented glutamate-induced
decreases in ATP levels (Figure 3C). Memantine was also
effective ameliorating the decrease of MMP and ATP in

glutamate-treated CGNs. In addition, when Cyt C release
was measured by Western blot as shown in Figures 3D,E,
it was found that 22a concentration-dependently prevented
glutamate-induced Cyt C release.

Compound 22a Up-Regulates
PGC1a/Nrf2 Pathway Through Activation
of PI3K/Akt

PGCla was considered to be a major regulator of mitochondrial
biogenesis. It is thought to regulate the expression of Nrf2
(Wareski et al., 2009; Robinson et al., 2014), a major transcription
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factor against oxidative stress (Nguyen et al., 2009). As shown
in Figure 4A, Compound 22a increased the transcriptional
activity of PGCla in a concentration-dependent manner. Nrf2
nuclear translocation was further investigated with PC12 cells
after treatment with 100 uM compound 22a for 12 h. As shown in
Figure 4B, 22a pretreatment increased Nrf2 accumulation in the
nucleus. Nrf2 is a crucial regulator against oxidative stress and
it is of interest to investigate the involvement of HO-1 protein
expression. As shown in Figures 4C-E, CGNs treated with
compound 22a concentration-dependently increased Nrf2 and
HO-1 expression. PI3K/Akt activation was reported to contribute
to the up-regulation of the Nrf2 signal (Lee et al., 2015). We
assessed if compound 22a-induced Nrf2 and HO-1 expression
was affected by Akt inhibitor Akt-iv. As shown in Figures 4C-E,
compound 22a-induced up-regulation of Nrf2 and HO-1 was
completely abolished by Akt-iv.

Compound 22a Activates PGC1a/Nrf2
Signaling Pathway in CGNs Treated With

Glutamate
To further elucidate whether the PGC1a/Nrf2 signaling pathways
were involved in the protective effect of compound 22a against

glutamate-induced neuron injury, the two protein’s expression
levels were examined with Western blotting. We found that
glutamate significantly decreased PGCla, Nrf2, and HO-1
protein expression (Figures 5A,B); however, compound 22a
pretreatment reversed these decreases. To confirm the role of
PGCla activation in the neuroprotective effects of compound
22a, we tested the blocking effect of PGCla siRNA transfection.
We found that PGCla siRNA transfection dramatically
decreased PGCla protein expression (Figures 5C,D). In
cell viability tests, PGCla siRNA transfection considerably
attenuated the neuroprotection of compound 22a; however, a
scrambled RNA transfection that was used as a negative control
did not yield any significant effects on PGCla expression or on
cell viability (Figure 5E).

Compound 22a Reversed the Inhibition
of PI3K/Akt/GSK3p Pathway Caused by
Glutamate

To investigate the signaling pathways involved in the protective
effects of compound 22a against glutamate-caused excitotoxicity,
we evaluated the correlation between cell viability and PI3K/Akt
activation. The levels of p-PI3K, p-Ser473-Akt and p-Ser9-GSK38
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FIGURE 5 | Involvement of the PGC1a/Nrf2 pathway in neuroprotection exerted by compound 22a in CGNs. (A) Representative blots showed the expression of
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were analyzed by Western blot. As shown in Figures 6A-
D, glutamate down-regulated the phosphorylation of PI3K
and Akt, while pretreatment with both compound 22a and
memantine reversed the suppressed phosphorylation of PI3K
and Akt. GSK-3B is the molecule downstream of PI3K/Akt
and is phosphorylated by the PI3K/Akt pathway. As shown
in Figures 6E,F, there was a significant increase in the
phosphorylation of GSK-3p after treatment with compound 22a
in the presence of glutamate.

PI3K and Akt Inhibitors Attenuate the
Neuroprotective Effects of Compound

22a

Activation of the pro-survival PI3K/Akt signaling pathway has
been shown to be important for neuroprotection (Cantrell, 2001).
Consistent with our previous study (Xu et al, 2016), when
exposing the cells to a PI3K inhibitor, LY294002 (1 wM), 30 min
prior to the addition of compound 22a, phosphorylation of
Akt and GSK3p was nearly completely blocked by LY294002
as shown in Figures 7A-D. Pretreatment with LY294002
reversed compound 22a-prompted Bcl-2 up-regulation and Bax

down-regulation; the Bcl-2/Bax ratio was decreased by LY294002
(Figures 7E,F). In line with previous reports that PI3K/Akt is
involved in Nrf2 mediated HO-1 expression (Lee et al., 2015),
when cells were exposed to an Akt inhibitor, Akt-iv (1 uM),
30 min prior to 22a treatment, the up-regulation of PGCla, Nrf2
and HO-1 proteins’ expression by compound 22a was almost
completely suppressed by Akt-iv, as shown in Figures 7G,H.

To further confirm the involvement of the PI3K/Akt
pathway in the neuroprotection exerted by compound 22a
in CGNs damaged by glutamate, a specific PI3K inhibitor
LY294002 and an Akt inhibitor Akt-iv were applied in a cell
viability assay. LY294002 and Akt-iv significantly attenuated the
neuroprotection of compound 22a against glutamate toxicity
(Figure 71).

DISCUSSION

Glutamate is the principal excitatory amino acid
neurotransmitter with complex biological activities (Pita-
Almenar et al, 2006; Paoletti, 2011). However, a high
concentration of extracellular glutamate is toxic to nerve cells
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and is considered to be a key contributor in the pathogenesis of
neurodegenerative diseases such as ischemic stroke (Wahl et al,,
1994). In our previous study, we reported that compound 22a
exhibited neuroprotective effects against oxidative stress-induced
neuronal loss in vitro and protected against ischemic stroke
in vivo (Chen et al., 2017). However, the exact mechanisms
underlying the neuroprotection of compound 22a is still
unknown. Therefore, the neuroprotective effects of compound
22a against glutamate-induced excitotoxicity were investigated
in the current study. We demonstrated that compound 22a
protected against glutamate-induced neurotoxicity in CGNs.
Meanwhile, we found that compound 22a reversed the MMP
collapse and alternation of Bcl-2 and Bax expression to attenuate
glutamate-induced cellular apoptosis. Our research further
demonstrated that the neuroprotective effects of compound
22a were intermediated by the stimulation of PI3K/Akt and
PGCla/Nrf2 pathways.

Glutamate is one of the pathological factors in cerebral
ischemic disease, and can cause cell apoptosis and MPP
reduction, both of which are initiated by the interaction between
pro- and anti-apoptotic Bcl-2 family members (Chen Q. et al,,
2015). In addition, glutamate toxicity induces mitochondrial
dysfunction. Mitochondria are recognized as a center of
intracellular energy metabolism, and mitochondrial Ca?™ is
a positive effector of ATP synthesis (Feissner et al., 2009).
Ca’*t overload, however, results in free radical generation
and mPTP opening, which in turn causes mitochondrial
depolarization, matrix solute loss, and Cyt C release (Bernardi
and Rasola, 2007). Moreover, the overproduction of ROS is
also reported to be related to mPTP opening (Christophe
and Nicolas, 2006). In our study, compound 22a pretreatment
significantly prevented intracellular ATP reduction and ROS
aggregation, and mitigated MMP dissipation and Cyt C
release. Our data further uncovered that compound 22a
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reversed the up-regulation of Bax and down-regulation of Bcl-
2 expression induced by glutamate. Furthermore, the expression
of Bcl-2, an integral membrane protein, is recognized as a
hallmark of cell death associated with mitochondria dysfunction
(Wallgren et al., 2013). Altogether, these results imply that
increased Bcl-2 expression may represent an endogenous repair
mechanism against apoptotic pathway, indicating that 22a
may block the Bax-mediated decrease of MMP or promote
mitochondrial homeostasis against glutamate-caused CGNs
damage.

As described above, mitochondria play a vital role in many
fundamental cellular processes, ranging from energy production
and metabolism to apoptosis (Robinson et al., 2014). PGCla
is a transcriptional co-activator that regulates the transcription
of numerous genes involved in cellular metabolism, including
mitochondrial biogenesis and respiration and ROS metabolism
(Shin et al., 2011). PGCla is also a potent stimulator of
mitochondrial respiration and gene transcription that acts by
activating nuclear respiratory factors Nrfl and Nrf2, which
in turn regulate expression of mitochondrial transcription
factor A (Tfam) and other nuclear-encoded mitochondrial
proteins (Wareski et al., 2009). Numerous studies indicate that
Nrf2 combines with the promoter of ARE to create general
antioxidant responses, which is recognized as a promising

method to therapeutically reestablish the CNS redox balance
in neurodegenerative disorders (Lim et al., 2014). Among
the enzymes that are redox-sensitive inducible is HO-1,
which can protect neurons from acute insults under stress
conditions thanks to its antioxidant and anti-inflammatory
properties (Chen, 2014). In line with previous studies, we
found that compound 22a could enhance PGCla transcriptional
activity and induce nuclear accumulation of Nrf2 in PCI12
cells (Figures 4A,B). In addition, we found that glutamate
treatment significantly down-regulated the protein expression
of PGCla and pretreatment with compound 22a significantly
reversed the down-regulated expressions of PGCla, Nrf2
and HO-1 induced by glutamate in CGNs (Figures 5A,B).
Several investigations present that Nrf2 is tightly regulated
in neurons through signaling pathways such as PI3K/Akt,
which is reported to have a Nrf2-dependent role in activating
HO-1 expression (Wang et al., 2008; Zhang et al, 2012;
Yin et al, 2015). In this sense, the present study was
designed to investigate whether the PI3K/Akt pathway is
involved in regulating the PGCla and Nrf2/HO-1 activation
resultant from compound 22a’s presence, and what effect
that has on compound 22a’s subsequent protective against
glutamate-induced neurotoxicity. Our results demonstrated that
a specific Akt inhibitor significantly suppressed the enhanced
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expression of PGCla, Nrf2 and HO-1 induced by compound 22a
(Figures 7G,H). Moreover, to some extent, knockdown of PGCla
was found to reverse the neuro-protective effect of compound 22a
against toxic stress (Figures 5C-E). As such, compound 22a may
pave an effective and practical way to modulate PGCla activity in
neurons.

The PI3K/Akt pathway plays a critical role in preventing
the neuronal cell death seen in hypoxic and excitotoxic
conditions in vitro. Inhibiting the PI3K/Akt pathway exacerbates
ischemic neuronal death (Lai et al, 2014). Previous reports
indicate that neuroprotective strategies against glutamate-
induced excitotoxicity in the cortex and hippocampus of
postnatal brains can trigger the activation of PI3K/Akt
(Shah et al., 2014). Additionally, Akt activation is capable
of suppressing several pro-apoptotic proteins, including
members of the Bcl-2 family and some signaling molecules
such as GSK-38 (Maurer et al, 2014). In our study,
phosphorylation of PI3K, Akt and GSK3f in CGNs was
significantly down-regulated when cells were exposed to
glutamate; however, compound 22a pretreatment reversed these
changes (Figures 6A-F). In addition, PI3K inhibitor LY29004
significantly inhibited the up-regulation of phosphorylated
Akt and GSK3f expression while reversing compound 22a-
induced wup-regulation of Bcl-2 and down-regulation of
Bax expression (Figures 7A-F). Importantly, PI3K and Akt
inhibitors completely abolished the neuroprotection conferred
by compound 22a pretreatment (Figure 7I). Summarily, our
results indicate that PI3K/Akt pathway activation is involved
in the neuro-protection of compound 22a against CGNs injury
induced by glutamate.

In summary, compound 22a effectively prevented glutamate-
induced excitotoxicity of CGNs via involvement of the PI3K/Akt
and PGC1a/Nrf2 pathways. Our results suggest that compound
22a might be of benefit in preventing neuronal death from
ischemic stroke.
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STROKE IN PRETERM AND TERM NEWBORNS

Perinatal stroke occurs between the 20th week of gestation and the 28th day after birth (Nelson,
2007). Brain injury within this period can also lead to conditions such as neonatal encephalopathy
or to encephalopathy of prematurity. Considering the complex diagnosis and limited data available,
the incidence of 1/2,300 live births is a likely underestimation (Nelson and Lynch, 2004; Lee
etal., 2005). Nevertheless, these numbers are comparable to those in the elderly (Fernandez-Lopez
et al., 2014). The most common subtypes are arterial ischemic stroke (Ferndndez-Lopez et al,
2014), which induces a focal lesion similar to adult stroke, and cerebral sinovenous thrombosis
(Govaert et al., 2009). Focal interruption of arterial or venous cerebral blood flow is usually
secondary to thrombosis or embolism, with a multifactorial pathophysiology. Importantly, in the
fetal circulatory system, placental or systemic venous emboli may pass through a patent ductus
arteriosus or foramen ovale directly to the left carotid artery and subsequently to the left MCA,
facilitating occlusion (Gunny and Lin, 2012). Confirmation by imaging or neuropathological
studies is always mandatory (Govaert et al.,, 2009). Different risk factors have been recognized
for perinatal stroke (Supplementary Table 1; Kurnik et al., 2003; Mirabelli-Badenier et al., 2012;
Kasdorfand Perlman, 2013; Basu, 2014; Fernandez-Lopez et al., 2014; Kratzer et al., 2014; Machado
et al., 2015; Buerki et al., 2016) but inflammation seems to be a prevalent underlying mechanism
(Vexler and Yenari, 2009; Hagberg et al., 2015). For instance, chorioamnionitis, a bacterial infection
of the amniochorionic membranes (Kasdorf and Perlman, 2013; Buerki et al., 2016) often leads
to a longer labor period and worse prognosis (Vexler and Yenari, 2009). Nevertheless, although
there is a substantial number of studies concerning neonatal encephalopathy (or hypoxic-ischemia
encephalopathy), human data on perinatal stroke can be disparate; some authors found a positive
correlation with pro-inflammatory polymorphisms, others did not (Hagberg et al., 2015).

Adult and perinatal stroke also cause distinct presenting symptoms: adults tend to present
unilateral symptoms and only 3% have seizures; seizures are one of the most common presentations
after perinatal stroke (Fernandez-Lopez et al., 2014). Hemiplegic cerebral palsy is also the most
frequent long-term motor outcome of the latter (Nelson, 2007). However, several aspects delay
the suspicion of diagnosis, since (i) newborns with seizures may appear clinically well-between
episodes; (ii) initially, newborns may present discrete non-specific symptoms like lethargy, apnea,
difficult feeding and impaired chewing; (iii) and some cases may be asymptomatic, presenting
lateralized symptoms only around the 5th month. In fact, lateralized symptoms are rare in neonates
(Nelson, 2007; Ferndndez-Lopez et al., 2014). In 2011, Harbert and colleagues conducted the first
human study demonstrating the positive effect of therapeutic hypothermia on perinatal stroke:
active whole-body cooling via a blanket cooling device led to a significantly lower frequency
of seizures (Harbert et al,, 2011). Since these symptoms are associated to a worse prognosis,
the risk of long-term neurologic disability is likely reduced. Given the complex pathophysiology
and difficulty in obtaining an early and accurate diagnosis, new therapies are being tested, alone
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or in combination with hypothermia, to improve global outcome.
Some include administration of growth factors, anticoagulant
and antiplatelet agents, blood uric acid lowering medication,
antioxidant and anti-inflammatory molecules, stem cells-based
therapy and electrical stimulation (Cnossen et al., 2009; Gonzalez
and Ferriero, 2009; Mirabelli-Badenier et al., 2012; Basu, 2014;
Fernandez-Lopez et al., 2014; Kratzer et al., 2014).

IN VITRO APPROACHES

In vitro models resort to oxygen and glucose deprivation
(OGD), followed by reoxygenation and nutrient replenishment.
Since oxygen levels should be kept preferably under 2%, to
represent the ischemic core, and around 7% if studying the
ischemic penumbra (Tornabene and Brodin, 2016), these models
can be very relatable while allowing easy assessment of cell
activity, protein expression and release, and barrier properties
of particular cell type(s). We have exposed either individualized
cells or brain tissue, namely organotypic brain slice cultures
(OSC), to very low O, rates (0.1%; Ferreira et al., 2016; Machado-
Pereira et al., 2017). These tissue cultures provide unique
characteristics and several advantages over cell models, since they
preserve whole organ structure and maintain neuronal activity
and synapse circuitry. OSC also maintain integrity in vitro for
over 2 weeks allowing a series of pharmacological studies. Other
advantages include the possibility of using younger animals if
needed (e.g., 1-3-day-old mice), the refinement of experimental
doses/conditions and the reduction of the number of animals
for in vivo models. To the best of our knowledge only one
group has used OSC, from P8-10 rats (Leonardo et al., 2009).
A considerable drawback from OSC, and cell cultures, is the
absence of blood flow and infiltrating immune cells. Nevertheless,
they provide a snapshot of the neurovascular unit up to the time
of brain isolation if a lesion and/or treatment is applied a priori.
Younger animals such as 2-day-old mice still grant the ability
to inject a therapeutic agent via the temporal vein, which is still
visible at this age, to study its protective value (Machado-Pereira
et al.,, 2018). Subsequently, therapeutic agents and stimuli can
be further administered over tissue to evaluate their impact on
neurovascular and glial activity.

ANIMAL MODELS OF PERINATAL STROKE

Experimental models are important to understand mechanisms
of disease. Parameters like injury onset and duration, area
of penumbra, reperfusion or therapeutic window are clearly
defined, and symptoms can be easily identified and monitored.
However, reproducing all the complex pathophysiological aspects
of stroke in an otherwise healthy animal is challenging; typically,
a stroke patient is elderly and has more than one health
condition. One of the most frequently used adult models is
induced by transient occlusion of the middle cerebral artery
(MCA) with an intraluminal monofilament, blocking cerebral
blood flow (usually 60 min) and causing reproducible infarcts
in this territory (Carmichael, 2005; Sommer, 2017). A transient
model allows the study of the significant effects of reperfusion.

Regarding the perinatal period, the most common methodologies
use unilateral ligation of the common carotid artery followed
by hypoxia, or direct exposure to hypoxia alone. Table 1 briefly
describes procedures using rodents, rabbits, pigs and lambs.
Animal models employing pigs, lambs or rabbits, are costly
in terms of maintenance, in the sense that they have longer
gestation periods and smaller litter size, while offering higher
genetic dissimilarity with humans, comparing with mice (Leong
etal,, 2015). Importantly, most models use O; rates much higher
(5-12%) than those believed to occur after an ischemic event.
Only one group used a lower percentage (3.5-4%), albeit on rats
of an age range comparable to a term and up to 2-years-old infant.
In fact, normal brain tissue pO; is 33.8 & 2.6 mmHg, which
corresponds to 4.4 = 0.3% O3 in the microenvironment (Carreau
et al., 2011). Three of the models used between 6 and 12% O;:
a fraction of inspired oxygen (FiO;) of 0.06-0.12. Considering
that atmospheric air is 21% O or the equivalent to a FiO,
of 0.21, these animals would be subjected to a third to a half
O, available. Are lower O, rates fatal? Moreover, most models
use 7-days-old or older animals, which offer a more reasonable
size for surgery than younger pups. A week old rat, the most
commonly used species, would represent a 2-months-old infant
(well-beyond the 28th day post-birth) if considering peripheral
organ systems (Sengupta, 2013; Titomanlio et al.,, 2015), and
a term infant, if considering brain development (Titomanlio
et al., 2015), raising further challenges on what age range to
choose.

Age is very important, since the extent of ischemic injury
is largely influenced by brain maturity (Sheldon et al,
1996; McQuillen et al, 2003; Webber et al, 2009). In
preterm newborns, oligodendrocyte progenitor cells (OPC) are
particularly more sensitive to ischemia (Back et al., 2002). Global
ischemia, as in hypoxic-ischemia encephalopathy, disrupts OPC
maturation, causing delayed or disrupted myelination, largely
contributing to neuronal loss and periventricular white matter
diffuse injury (periventricular leukomalacia; Back et al., 2007;
Webber et al., 2009). Several experimental models have also
been proposed to study this particular condition (Shen et al,
2010). For this reason, OPC constitute a potential target for the
development of protective therapies focusing on the reduction
of white matter loss in premature infants (Back et al., 2007).
Subplate neurons, a transient neuronal population important
for the formation of mature neuronal networks, are another
vulnerable target. Additionally, interneuron migration to the
neocortex is only completed at birth, in a process modulated
by microglia activity (Leviton and Gressens, 2007; Xu et al,
2011). In term newborns, gray matter is focally affected, greatly
impacting on motor function (Back et al, 2001; Fernandez-
Lopez et al, 2014; Luhmann et al., 2016). The immature
brain is also more susceptible to excitotoxicity and to free
radicals considering the higher expression of receptors that
signal for excitatory neurotransmitters and lower levels of
anti-oxidant enzymes (Johnston, 2005; Lafemina et al., 2006).
Overall, choosing the “right” age pertains to the fact that the
perinatal period encompasses different stages of the circulatory
and immune systems (Titomanlio et al, 2015; Lange et al,
2016). Accordingly, the therapeutic value of an agent directed at
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TABLE 1 | Perinatal and neonatal animal models for ischemic injury, specifically rat, pig, mouse, rabbit, and lamb.

RAT
P5-P17 & Exposure to hypoxia (3.5-4% O» in No) until apnea or heart rate below 20% of Jensen, 1995
baseline
P10 @ Exposure to hypoxia (7, 5, 4% Oy in Np) for 8, 6, and 1 min, respectively Dunn et al., 2017
P10 @ Left MCAO for 90 min by inserting a 6-0 nylon filament into the internal carotid artery; Ashwal et al., 2007
unilateral ligation of right CCA followed by hypoxia (8% O» in No) for 90 min
P7 9 MCAQ for 180 min by inserting a 6-0 coated filament into the internal carotid artery Fernandez-Lopez et al., 2013
P7 @ Unilateral ligation of right CCA followed by hypoxia (8% Oy in No) for 60 min Jantzie and Todd, 2010
P7 @ Unilateral ligation of CCA followed by hypoxia (8% Oo in Np) for 30, 60, 90, or 120 min Silverstein and Johnston, 1984
P7 @ Unilateral ligation of left CCA followed by hypoxia (8% Oy in 92% No) for 90 min Bae et al., 2012
P7 @ Unilateral ligation of right CCA followed by hypoxia (8% O in No) for 180 min Jantzie et al., 2005
P7 ® Unilateral ligation of left CCA followed by hypoxia (8% O» in No) for 120 min Lubics et al., 2005
P7 ® Unilateral ligation of CCA followed by hypoxia (8% O» in N») for 60-240 min Vannucci and Vannucci, 2005
P4 & Exposure to hypoxia (11% O» in No) for 360 min per day for 5 days Schaeffer et al., 2013
P4 ® Exposure to hypoxia (11% O» in No) for 360 min per day for 5 days Fendt et al., 2008
P2 ¢ Exposure to hypoxia (12% O» in No) for 14 days Deruelle et al., 2006
P11 Exposure to hypoxia (12% FiO») for 10 days Del Duca et al., 2009
P1 @ Unilateral ligation of right CCA followed by hypoxia (8% Oy in No) for 210 min Girard et al., 2009
P1 @ Exposure to hypoxia (5% O in No) for 60 or 75 min Slotkin et al., 1995
Newborn &'/9 Unilateral ligation of right CCA followed by hypoxia (8% Oy in No) for 120 min Kartal et al., 2016
PIG
P3-P7 ® Exposure to a gas mixture (10% FiO») for 40 min, followed by 5 min of reoxygenation Ni et al., 2011
and 7 min of anoxia by clamping the endotracheal tube
P1-P4 & Exposure to a gas mixture (FiO» 6-8%) until hearth rate decreased to 60 beats/min Faaetal, 2012
(bradycardia) or mean arterial blood pressure decreased to 15 mmHg (severe
hypotension)
P1-P3 @ Exposure to a gas mixture (12% O» in N») for 120 min to achieve a pOo of 30-40 Stevens et al., 2008
mmHg
Newborn ® Exposure to a gas mixture (8% Oo in N») until the mean arterial blood pressure Garberg et al., 2017
decreased to 20 mmHg or base excess reached —20 mmol/L
MOUSE
P9 ® Unilateral ligation of left CCA followed by hypoxia (10% Oo in N») for 60 min Kichev et al., 2014
P7 & Exposure to hypoxia (10% O» in No) for 360 min per day (3 sessions of 120 min Kameda et al., 2013
separated by 45 min intervals) for 6 days
RABBIT
E22 ® Uterine ischemia for 40 min, via arterial embolectomy catheter inserted through the Yu et al,, 2011
maternal left femoral artery into the descending aorta
LAMB
E126-141 & Intrauterine hypoxia by induced maternal hypotension via infusion of trimetaphan Gersony et al., 1976

camsylate glucose solution into a polyethylene catheter placed in the maternal

femoral vein, for 60-90 min

Rodent models usually resort to exposure to hypoxia alone (3.5-12% Oy) or to unilateral ligation of the common carotid artery, followed by hypoxia (8% O»), in animals of varying ages.
Pig models use exposure to a gas mixture ranging from 6 to 12% O» while lamb and rabbit models induce intrauterine ischemia. ¢, female; &, male; ® undisclosed sex; CCA, common
carotid artery E, embryonic days;, MCAO, middle cerebral artery occlusion; min, minutes; F, post-natal days.

perinatal stroke would be better assessed using younger animals.
Fundamentally, the brain vasculature during development is
formed through two distinct processes: (i) vasculogenesis, in
which angioblasts differentiate into endothelial cells forming the
perineural vascular plexus, which in turn functions as a substrate
for (ii) angiogenesis, the process of generating new vessels
from pre-existing ones (Vasudevan and Bhide, 2008; Lee et al.,
2009; Tam and Watts, 2010). These processes are consolidated
by migrating mural cells, formation of an extracellular matrix
and establishment of tight and adherens junctions that regulate
permeability and transcellular transport (Lee et al., 2009; Tam

and Watts, 2010). With increasing age, blood-brain barrier
(BBB) functionality is less maintained after stroke since the
expression of several of these proteins (e.g., occludin, claudins,
zonula occludens proteins; Kratzer et al., 2014) that support
the integrity of tight junctions is also changed. Another reason
for a higher resistance of the BBB to ischemic injury in
the early stages could be the maturation-dependent interplay
between leukocytes and the endothelium and the less active
pathophysiological role of the inflammatory process (Titomanlio
et al,, 2015). A restricted BBB opening may also account for
limited neutrophil recruitment/infiltration. While regulatory T
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cells seem to play a neuroprotective role, microglia cells promote
phagocytosis and tissue recovery, or white matter damage,
depending on the adopted phenotype (Hagberg et al., 2015). In
fact, microglia migrate to the brain even before blood vessel
formation possibly impacting on the development of these
structural elements (Rymo et al., 2011; Arnold and Betsholtz,
2013). Hence, in the perinatal period, the neuroinflammatory
response has a preponderant role in stroke outcome (and to
diffuse pattern of injury), relying more on the activation of
microglia than on the extrinsic recruitment of inflammatory cells
such as macrophages and neutrophils (Hagberg et al., 2015).
A more mature brain offers a BBB more vulnerable to ischemic
injury and to immune cell infiltration, and therefore, these
cells assume a greater role and become associated to a focal
pattern of injury. Consequently, several pro-/anti-inflammatory
molecules and growth factors are released and have been studied
as part of the impactful secretome unleashed by ischemia.
Vascular endothelial growth factor (VEGF) is responsible for
several processes upon ischemic stroke, including disruption
of endothelial cell junctions and endothelial cell endocytosis,
followed by increased BBB permeability, and consequently
intracranial hemorrhage and intracranial hypertension (Angelo
and Kurzrock, 2007; Lange et al.,, 2016; Suzuki et al, 2016).
However, VEGF also promotes endothelial cell proliferation
and migration, and enhances perfusion (reduced infarct volume
and penumbra were associated to increased neuroprotection,
including in neonatal stroke; Titomanlio et al, 2015; Lange
et al, 2016; Suzuki et al., 2016). There are other cell types
responsible for the development, regulation and maintenance
of central nervous system angiogenesis and BBB integrity such
as pericytes and astrocytes (Tam and Watts, 2010). These
cells control the production and release of several factors
that regulate the aforementioned processes (Lee et al., 2009;
Tam and Watts, 2010; Arnold and Betsholtz, 2013). Therefore,
diminished quantities of pericytes and astrocytes alongside
blood vessels are associated to a higher susceptibility to
ischemic injury (Ferndndez-Lopez et al., 2014; Kratzer et al,
2014).

On a final note, rodent strains may display different levels
of vulnerability to injury. For instance, CD1 mice are more
vulnerable to damage induced by 30min of hypoxia, than
C57BL/6 and 129Sv mice, with the latter being the most
resistant strain (Sheldon et al., 1998). Other murine strains (BDEF,
CFW, and BALB/C) display varying infarct volumes following
24h of focal ischemia possibly because of differences in the
anatomy of the posterior communicating arteries. BALB/C mice
showed a more significant infarct volume and were proposed
as the most suitable strain to conduct pharmacological studies
in cerebral ischemia (Barone et al, 1993). In addition to
differences in vascular anatomy, humans and other animals also
display significantly different nutrient and oxygen metabolism,
hemodynamics, and neural cell population density/activity
(Dirnagl et al., 1999).

An interesting but poorly studied subject is the fact that
perinatal stroke appears to be gender-dependent with male

neonates and children being more commonly affected and with
poorer outcomes (Turtzo and McCullough, 2010; Fernandez-
Lopez et al,, 2014). Turtzo and McCullough have extensively
reviewed the role of gender and sex hormones in the perinatal,
infant and adult periods. Although in vitro data from female
pups suggest higher protection from OGD, and neuronal cells
from males seem more susceptible to hypoxic injury (Heyer
et al., 2005; Li et al., 2005), clinical studies and mechanisms
of action remain inconclusive. Overall, ischemic cell death
occurs via a caspase-independent pathway in males, while
this process is caspase-dependent in females; ultimately, both
pathways lead to mitochondrial dysfunction. The protection
provided by female sex hormones, such as estrogen and
progesterone, is a possible explanation. However, estrogen and
progesterone administration to post-menopausal women were
found to raise the risk of stroke (Turtzo and McCullough, 2010).
To further investigate this issue in the perinatal period, it is
possible to divide pups, even after birth, by a distinct physical
trait: male mice have a visible pigment spot on the scrotum
(Wolterink-Donselaar et al., 2009).

CONCLUSIONS

In vitro models are useful for assessing the potential of a
therapeutic agent and constitute an inescapable stepping stone
for in vivo models. However, current animal models still hold
key limitations regarding the level of hypoxia and extent of
focal injury, age and costs associated to the selected animal
species/strain, as well as their basic anatomy. Importantly and
understandably, all fail to reproduce the exact mechanisms
of injury that occur specifically in perinatal stroke. Hence,
it is urgent to continue advancing newer (and multifactorial)
experimental models to attain more efficient therapies to treat
this complex vascular condition and long-term sequela.
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Peripheral endothelial cells are capable of erythrophagocytosis, but data on
brain endothelial erythrophagocytosis are limited. We studied the relationship
between brain endothelial erythrophagocytosis and cerebral microhemorrhage, the
pathological substrate of MRI-demonstrable cerebral microbleeds. To demonstrate
the erythrophagocytic capability of the brain endothelium, we studied the interactions
between brain endothelial cells and red blood cells exposed to oxidative stress
in vitro, and developed a new in vitro cerebral microbleeds model to study the
subsequent passage of hemoglobin across the brain endothelial monolayer. Using
multiple approaches, our results show marked brain endothelial erythrophagocytosis
of red blood cells exposed to oxidative stress compared with control red blood cells
in vitro. This brain endothelial erythrophagocytosis was accompanied by passage of
hemoglobin across the brain endothelial monolayer with unaltered monolayer integrity. In
vivo and confocal fluorescence microscopy studies confirmed the extravasation of RBC
exposed to oxidative stress across brain endothelium. These findings, demonstrating
erythrophagocytosis mediated by the brain endothelial monolayer and the subsequent
passage of iron-rich hemoglobin in vitro and RBC in vivo, may have implications for
elucidating mechanisms involved in the development of cerebral microbleeds that are
not dependent on disruption of the microvasculature.

Keywords: erythrophagocytosis, cerebral microbleeds, brain endothelial cells, hemoglobin, red blood cells,
transmigration
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INTRODUCTION

Cerebral microhemorrhages are tiny deposits of blood
degradation products in the brain and are the pathological
substrate of cerebral microbleeds (CMB). CMB are associated
with increasing age, cerebrovascular diseases, hypertension,
and chronic kidney disease (Lau et al.,, 2017). Mechanistically,
it is widely accepted that loss of vascular integrity due to
an underlying disruption of the cerebral microvasculature
causes CMB development, and these are classified as primary
microbleeds (Fisher, 2014). Other mechanisms involved in CMB
development include hemorrhagic infarction/microinfarction,
and these are classified as secondary microbleeds (Fisher, 2013,
2014). Besides the involvement of hemorrhagic and ischemic
processes in the development of CMB, there has been some
indication that release of iron from oligodendrocytes during
ischemia may result in MRI-demonstrable CMB (Janaway
et al, 2014). Further, the existence of pseudo-microbleeds, a
phenomenon in which iron-rich hemosiderin from red blood
cells (RBC) produces signatures of CMB in the absence of
vascular disruption, has been proposed (Fisher, 2014).

A recent study showed that brain endothelium have
phagocytic properties and that brain vascular endothelial cells
are capable of engulfing and translocating intracranial emboli
into the brain extravascular space, a process termed angiophagy
(Grutzendler et al, 2014). The concept of angiophagy has
some similarities to endothelial erythrophagocytosis, a recently
described process by which injured or aged erythrocytes are
ingested by endothelial cells, undergo hemolysis, and are cleared
from the blood circulation (Fens et al., 2010). Endothelial
erythrophagocytosis has recently been reported by peripheral
endothelial cells using human umbilical vein endothelial
(HUVEC) and hepatic sinusoidal endothelial cells in vitro, and
has further been confirmed in vivo (Fens et al., 2010, 2012; Lee
etal., 2011).

In  the  cerebral  milieu, macrophage-mediated
erythrophagocytosis has been well-documented (Zhao et al,
2009), and the involvement of macrophages in CMB is known
(Fisher et al., 2010). Besides macrophages, pericytes are known to
have phagocytic function and there is some evidence of pericyte
mediated erythrophagocytosis in the brain (Fisher et al., 2010).
Phagocytosis of parasitized RBC by brain endothelium within
an inflammatory milieu has been reported in in vitro studies
of cerebral malaria (Jambou et al., 2010). Involvement of brain
endothelium in phagocytosis of non-parasitized aged and/or
injured RBC and subsequent transmigration of RBC or RBC
degradation products (hemoglobin) into the brain has not been
reported. It has been proposed that iron-rich extravasated RBC
or RBC degradation products may produce MRI signatures of
CMB in the absence of vascular disruption (pseudo-microbleeds)
(Fisher, 2014).

The above prompted us to investigate the role of the
brain endothelium in mediating erythrophagocytosis of aged
and/or injured RBC, and subsequent passage of RBC and/or
RBC degradation product hemoglobin into the brain. In the
current proof-of-concept study to demonstrate brain endothelial
erythrophagocytosis, RBC were treated with phosphate buffer

saline (PBS) or tert-butylhydroperoxide (t-BHP), an oxidative
stressor that results in the exposure of RBC phosphatidylserine
(PS) to mimic aged and/or injured RBC marked for phagocytic
removal from the circulation (Schroit et al., 1985). Using multiple
approaches, our results show robust adhesion and engulfment
(erythrophagocytosis) of t-BHP-RBC by brain endothelial cells
(bEND3) compared with PBS-RBC. We developed a new CMB
in vitro model system to study passage of RBC degradation
product hemoglobin across bEND3 cells, and show passage
of hemoglobin from t-BHP-treated RBC across the bEND3
monolayer with unaltered monolayer integrity. Our in vitro
results were corroborated by our in vivo findings of extrusion of
fluorescently-labeled RBC across the mouse brain endothelium.
These results may have important implications for elucidating
mechanisms involved in the development of CMB demonstrated
on brain MRL

MATERIALS AND METHODS

Red Blood Cell Preparation and Treatment
Purified RBC in Alsevers solution were derived from 2 to
3 month-old male BALB/c mice (BioReclamation IVT, New
York, NY). RBC were washed and resuspended in sterile
PBS (without Ca**and Mg?*) before experimental treatment
with PBS (control; incubation time: 30 min), lipopolysaccharide
derived from gram negative bacterium Salmonella Typhimurium
(LPS, 10 pg/mL; incubation time: 1 h; an inflammatory stimulus),
neuraminidase enzyme from vibrio cholerae (0.125U or 0.5 U;
incubation time: 1h; for senescence induction) or various
concentrations (0.3, 1.0, 3.0 mM) of t-BHP (incubation time:
30 min; an oxidative stressor) at 37°C. LPS, neuraminidase, and t-
BHP were selected for the current study based on previous studies
using peripheral endothelial cells (Tissot Van Patot et al., 1996;
Fens et al., 2012; Yang et al., 2014). After treatment, RBC were
washed and resuspended in sterile PBS to desired concentrations
described below. All the above materials were purchased from
Sigma-Aldrich, St. Louis, MO.

Brain Endothelial Cell Culture

Murine brain microvascular endothelial cells (bEND3 cells;
American Type Culture Collection, Manassas, VA) between
passages 22 and 31 were grown on T75 flasks in Delbucco’s
Modified Eagle’s Medium (DMEM) containing 0.45% glucose,
0.37% NaHCOj3, 4 mM Glutamine, 10% fetal bovine serum, and
100 pg/ml penicillin/streptomycin (Sigma, St. Louis, MO). After
reaching 70-80% confluency, cells were subcultured in complete
DMEM and seeded onto 6-well plates (5 x 10° bEND3 cells per
well), 24 well plates with 0.2% gelatin coated glass cover slips (1 x
10° bEND3 cells per coverslip), or 12-well transwells with 3 um
pore polyester membrane inserts with a surface area of 1.12 cm?
(Corning, New York, NY) (1 x 10° bEND?3 cells per well). For
all the experiments, 5 x 10° treated RBC were incubated with the
seeded bEND?3 cells for up to 24 h at 37°C in 5% CO,. For initial
experiments, 24 h after initial seeding of bEND3 cells grown on
24 well plates with 0.2% gelatin coated cover glass, bEND3 cells
were primed with or without 100 ng/mL of LPS for another 24 h
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before being incubated with treated RBC to determine the effect
of endothelial activation on RBC-bEND?3 interactions.

Annexin V-FITC Labeling

To quantify the percentage of treated RBC with PS exposure,
t-BHP- and PBS-treated RBC were labeled with annexin-V-
FITC (BioLegend, San Diego, CA) as per the manufacturer’s
instructions. Briefly, after wash and resuspension of RBC in
sterile PBS, 1 x 10° RBC were incubated in FITC-labeled
annexin-V and 1.2mM Ca?t for 30 min in the dark. After
washing and resuspending in sterile PBS, RBC were quantified
with a flow cytometer (Accuri C6 Plus, BD, Franklin lakes,
NJ) using logarithmic gain for light scatter and fluorescence
channels with gating and background settings defined through
the PBS/control RBC.

Hematoxylin and Eosin Staining

Twenty-four hours after initial bEND3 seeding on 0.2% gelatin
coated glass coverslips in 24 well plates, the cells were incubated
with RBC treated either with PBS or t-BHP for 3h, 18h and
24 h. Glass cover-slips were then fixed with 4% paraformaldehyde
(PFA) for 15min on ice followed by hematoxylin and eosin
(H&E) staining. Briefly, each coverslip was washed with ice cold
PBS, stained with hematoxylin for 10 min followed by Scott’s Tap
Water wash, stained with eosin Y for 8 min, and washed with
ethanol and dipped in xylene before mounting. Six fields of view
per coverslip were manually quantified by an observer blinded
to the treatment using light microscopy at a 20X magnification
to estimate: RBC adhesion: RBC to bEND3 ratio (expressed as
%) and engulfment: % of bEND3 that were positive for RBC
engulfment.

Diaminofluorene Assay

H&E staining results were confirmed using a colorimetric
assay which is based on the pseudoperoxidase activity of
hemoglobin using 2,7-diaminofluorene (DAF) (Sigma, St. Louis,
MO) substrate and hydrogen peroxide (Gebran et al., 1992). For
this, bEND3 cells seeded onto 6-well plates at 5 x 10> cells
per well for 72h at 37°C in 5% CO, were used. After 72h,
cell media was changed from the FBS-supplemented DMEM
to strictly FBS-free DMEM. After media change, RBC treated
with PBS or t-BHP were incubated with the bEND3 cells for
24h. bEND3 cells without RBC served as control (bEND3
only group). After incubation, the supernatant media of the
wells was aspirated, wells were washed with distilled water to
lyse attached RBC (RBC that are not engulfed by endothelial
cells) and incubated with 0.2M Tris-HCI buffer containing 6M
urea lysis solution for 30 min, followed by circular scrubbing
with cell scrappers to further lyse bEND3 cells to release
hemoglobin. DAF dye stock solution (10 mg/mL in 90% acetic
acid) was added to 10 mL of 6M urea with 100 wL of hydrogen
peroxide to make a DAF working solution which was used to
react with 100 pL of supernatant of each well prepared above
and immediately read on a SpectraMax 384 microplate reader
(Molecular Devices, Sunnyvale, CA) at 620 nm. A hemoglobin
standard (Lee Biosolutions, Maryland Heights, MO) was used to
estimate the amount of hemoglobin which is an indicator of the

extent of erythrophagocytosis. The amount of hemoglobin was
expressed as % of hemoglobin detected with the bEND3 only
group. Published studies have shown that high concentrations of
t-BHP convert hemoglobin to methemoglobin (Murakami and
Mawatari, 2003), which is not detected by the DAF assay. This
was further confirmed in our lab (data not shown) and as a result,
the DAF assay was performed using the lowest dose of t-BHP
(0.3 mM).

Red Blood Cell Incubation Viability

The viability of PBS- and t-BHP-treated RBC in cell culture
incubation environment was assessed by incubating treated RBC
(5 x 10° cells per well) in DMEM or FBS-free DMEM into 24
well plates. After 24 h, 10 L cells were collected and mixed with
trypan blue at 1:1, and manually counted with a hemocytometer
for both live and dead RBC based on trypan blue exclusion.
Viable RBC were expressed as % of total RBC.

Confocal Microscopy

Brain endothelial cell tight-junctions were imaged and analyzed
through Zonula Occludens-1 (ZO-1) staining and confocal
microscopy. Twenty-four hours after initial bEND3 seeding
on 0.2% gelatin coated glass coverslips in 24 well plates,
the cells were incubated with RBC treated either with PBS
or t-BHP for 24h. Glass cover-slips were then fixed with
2% PFA, blocked in 5% bovine serum albumin (BSA) in
PBS with 0.1% tritonX-100, incubated with ZO-1 antibody
(1:100, ZO-1 Alexa Flour 488, SantaCruz Biotechnology,
Dallas, TX; Antibody Registry Accession No. AB_628459)
in PBS with 0.75% BSA overnight at 4°C, followed by
endothelial nuclear staining with DRAQS5 (BioLegend, San
Diego, CA). Cover-slips were mounted with VectaShield
Hardset Mounting Medium (Vector Labs, Burlingame, CA) and
imaged with a Leica SP5 confocal microscope (Leica, Wetzlar,
Germany).

Live Imaging

To visualize the time-lapse of events that occurs between bEND3
cells and RBC, PBS- and t-BHP-treated RBC that were incubated
with bEND?3 cells on 6-well plates were placed in an incubator
(37°C in 5% CO;) with LumaScope 720 imaging microscope
(EtaLuma, Carlsbad, CA) that captured images of each well every
2.5min over a course of 24 h. The timestamped images were then
compiled into an mpeg file that illustrated the time-lapse at 3
frames per second.

Transmigration of Hemoglobin Across the
bEND3 Monolayer

To determine the appropriate time to initiate the transmigration
experiments, the integrity of the bEND3 monolayer in the
transwells was assessed by performing transendothelial electrical
resistance (TEER) measurements using the EVOM?2 Epithelial
Volt/Ohm Meter and an STX-2 electrode system (World
Precision Instruments LLC, Sarasota, FL) at various time points
(3,24, 48, and 72 h) in each well.

The experimental setup of the transmigration experiment is
shown in Figure 4A. To assess whether hemoglobin from treated
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RBC migrates through the endothelial monolayer, bEND3 cells
were cultured onto the apical wells of the transwells with
complete DMEM for 72h (time at which maximum TEER
was obtained; data not shown), followed by replacement of
the complete DMEM with FBS-free DMEM. PBS- and t-BHP-
treated RBC were then added to the apical wells, incubated
undisturbed for 24 h at 37°C in 5% CO,. Endothelial cells grown
on transwell inserts without RBC served as controls (bEND3
only group). After incubation, media in the basolateral well was
gently mixed and 200 pL of the media was collected and lysed
with 200 pwL of 0.2 M Tris-HCI buffer containing 6 M urea for
15min at RT. The basolateral aliquot was then examined for
hemoglobin passage across the bEND3 monolayer using the
DAF and hemoglobin standard assay described above. Passage of
hemoglobin across bEND3 monolayer-free transwell insert was
used to assess spontaneous migration of hemoglobin across the
transwell insert. Hemoglobin amount was expressed as % bEND3
only group (control).

TEER measurements were performed in triplicates per insert
before addition of RBC to the apical well (0h) and 24h
after RBC incubation to assess monolayer integrity during the
transmigration experiment. All TEER values were corrected
for the blank TEER of monolayer-free transwell inserts and
represented at % PBS RBC values.

In vivo Passage of RBC Across the Brain

Endothelium

All animal procedures were approved by UCI Institutional
Animal Care and Use Committee and were carried out in
compliance with University Laboratory Animal Resources
regulations. Passage of t-BHP-treated RBC across the brain
endothelium was visualized using postmortem confocal
fluorescence microscopy. Adult male Tie2-GFP mice (10-12
week old, Jackson Laboratory, Bar Harbor, ME) with green
fluorescent protein (GFP) labeled endothelial cells were used for
imaging. Briefly, autologous blood (200-250 pL) was collected
from Tie2-GFP mice (n = 2) and RBC were purified using
Ficoll-Paque (GE Healthcare, Uppsala, Sweden) gradient. After
several washes in PBS, RBC were treated with PBS or 3mM
t-BHP for 30 min at 37°C as described above and stained with
PKH-26 Red Fluorescent Cell Linker Kit (Sigma, St. Louis,
MO) according to manufacturer’s instructions and re-injected
into the mice intravenously. Mice were euthanized 24h after
RBC injection using a lethal dose of Euthasol (150 mg/kg, i.p.)
and whole brains were harvested for postmortem confocal
fluorescence microscopy to visualize passage of RBC across the
brain endothelium.

Fluorescence images of whole brains were obtained using
Zeiss LSM 510 microscopy system equipped with a longworking
distance Zeiss 40x, 0.8 NA water immersion objective. Laser
scanning did not induce any visible damage to the tissue or
noticeable bleaching of the sample. Stacks of images were
acquired with the z-step (distance between consecutive imaging
planes) of 2.5um. The maximum depth for imaging was up
to 80 wm from the brain surface. The probed 3D volume was
reconstructed by Zeiss LSM original software.

Measurement of Free Hemoglobin From

RBC

bEND?3 cells (1 x 10°) seeded onto 24 well plates were allowed
to grow to confluence and incubated with PBS- or t-BHP-
treated RBC in FBS free media for 3h, 18h, and 24h. At
the predetermined time intervals, media was collected from
each well, and placed in Amicon-100K centrifuge tubes (Fisher
Scientific, Hampton, NH). After spinning for 10 min at 14,000
RPM, the filtrate at the bottom containing the free hemoglobin
was collected (RBC are retained on top) and processed using the
DAF assay described above to determine free hemoglobin present
in the media represented as % of hemoglobin from PBS RBC (%
control).

Statistical Analysis

All statistical analysis was performed using GraphPad Prism 5
(GraphPad Software Inc., La Jolla, CA). Data are presented as
mean + SEM of at least 3 independent experiments done in
duplicates based on power analysis which indicated that at least 3
experiments will be needed to detect a difference of 20% between
groups with a power of 80% and significance level of 5%. To
compare more than 2 independent groups, one-way ANOVA
with Bonferroni’s correction was used. For data with more than
2 independent groups and 2 independent variables, two-way
ANOVA, with or without repeated measures, was used. A two-
tailed p < 0.05 for the entire family of comparison was considered
statistically significant.

RESULTS

Three-hour incubation of PBS-treated bEND3 cells with PBS-
treated RBC resulted in negligible RBC adhesion to bEND3 cells.
There was a significant (p < 0.001) increase in the adhesion of
3 mM t-BHP-treated RBC to PBS-treated bEND3 cells compared
with PBS-treated RBC incubated with PBS-treated bEND?3 cells
(Figure 1A). Treatment of RBC with LPS or neuraminidase
(0.125U or 0.5U) did not significantly alter RBC adhesion to PBS-
treated bEND?3 cells compared with PBS-treated RBC incubated
with PBS-treated bEND3 cells (Figure 1A). Treatment of the
bEND3 cells with LPS did not have a significant effect on
RBC adhesion under any condition tested in the current study
(Figure 1A) or with an increase in incubation time (data not
shown).

Phosphatidylserine Exposure

Studies with annexin-V FITC showed that greater than 90% of
t-BHP-treated RBC are annexin-V FITC positive confirming PS
exposure on the surface of t-BHP-treated RBC compared with
PBS-treated RBC (Figure 1B).

Concentration and Time Dependent
RBC-bENDS3 Erythrophagocytosis
(Adhesion and Engulfment)

RBC treatment with low and medium concentrations of t-BHP
(0.3 and 1mM) resulted in negligible RBC adhesion to the
bEND?3 cells following 3 h incubation. RBC treatment with high

Frontiers in Cellular Neuroscience | www.frontiersin.org

September 2018 | Volume 12 | Article 279


https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-neuroscience#articles

Chang et al. Brain Endothelial Erythrophagocytosis and Cerebral Microbleeds
A B Unstained
© Annexin-FITC stained
PBS | tBHP
@B LPS () Neur (0.125U) @8 Neur (0.5U) 3mM t-BHP 1
501 Fekk Fekk =
fre———— — H 8
451 l |
S 401 \
= \
= B S A P Pl i BPC T
o 301 FLIAZFLIA FUAZAIA
E ook
= 5+ —_
g ? =1 -
£ 10.01 =
: 2 %
E, 7.51 3 60
O
8 50 g 2
o =
g 15
o 10
»n 5
bEND3 bEND3 LPS bEND3 LPS bEND3 o o T —
+RBC +Treated +RBC +Treated RBC Annexin-V FITC . + - +
RBC L J L J
PBS RBC t-BHP RBC
FIGURE 1 | RBC adhesion to brain endothelial (0END3 cells) under different conditions (A) and PS exposure in t-BHP-treated RBC (B). RBC treated with PBS
(control), LPS (10 wg/mL) or neuraminidase (0.125 U or 0.5 U) did not significantly alter RBC adhesion to bEND3 cells following 3 h incubation, however, 3mM t-BHP
treatment of RBC resulted in a significant increase in RBC adhesion to bENDS cells compared with respective PBS-treated RBC. LPS treatment of bEND3 cells did
not further enhance RBC adhesion under any treatment conditions. >90% of 0.3 mM t-BHP-treated RBC were PS positive compared with PBS-treated RBC as
determined by flow cytometry (B). Data is presented as mean + SEM of at least 3 independent experiments. ***p < 0.001.

concentration of t-BHP on the other hand resulted in significant
RBC adhesion to the bEND3 cells as early as following 3h
incubation. Overall, adhesion of t-BHP-treated RBC to bEND3
cells, increased in a concentration and time dependent manner.
Maximum RBC adhesion for the 0.3 mM t-BHP concentration
was observed at 24h and RBC adhesion plateaued at 18h for
1 mM and 3 mM t-BHP concentrations (Figure 2A,B).

Similarly, low and medium concentrations of t-BHP
resulted in no engulfment of RBC by bEND3 cells following
3h incubation. There was a trend toward an increase in
the engulfment of 3mM t-BHP-treated RBC following 3h
incubation. Engulfment of t-BHP-treated RBC also increased
in a concentration and time dependent manner with maximum
engulfment of t-BHP-treated RBC occurring following 24h
incubation (Figure2C). Overall, maximum adhesion and
engulfment of t-BHP-treated RBC was observed with a
concentration of 3 mM. As shown in Figure 2D, multiple 3 mM
t-BHP-treated RBC are seen engulfed (red arrows) by a single
bEND3 cell. The average number of bEND?3 cells per field of view
remained unchanged with adhesion and engulfment of t-BHP-
RBC over the duration of the experiment (Figure 2E) for any
experimental group and viability of the PBS- and t-BHP-treated
RBC in cell culture media was > 90% at 24 h (data not shown).

DAF assay that relies on the pseudoperoxidase activity of
hemoglobin was used to confirm erythrophagocytosis (adhesion
and engulfment) observed by microscopy. There was no
significant difference in the amount of hemoglobin detected in
the bEND3 cells incubated with PBS-treated RBC compared
with control (bEND3 monolayer only). However, bEND3 cells
incubated with t-BHP-treated RBC had a significantly higher
amount of hemoglobin, an indicator of erythrophagocytosis,

compared with the control and PBS-treated RBC, confirming the
light microscopy results (Figure 2F).

Adhesion and engulfment of t-BHP-treated RBC by
the bEND3 monolayer was further confirmed using live
cell time-lapse imaging (see Supplementary Video 1),
immunofluorescence and confocal microscopy. Figure 3A
shows a maximum projection of a 6 um depth z-stack image
with a step size of 0.3 um, and confirms the presence of tight
junction protein ZO-1 in the confluent bEND3 monolayer (ZO-1
tight junction protein staining shown in green and bEND3 nuclei
stained with DRAQ5 shown in blue). Both PBS- and t-BHP-
RBC autofluoresce (green) as shown in the figure. Adhesion
and engulfment of t-BHP-treated RBC is further confirmed by
orthogonal and single z-stack projections (Figure 3B).

Transmigration of Hemoglobin Across the
bEND3 Monolayer

We developed a method to determine the passage of hemoglobin
across the bEND3 monolayer using an in vitro transwell system.
Experimental set-up for the transmigration experiment is shown
in Figure4A. Migration of hemoglobin across the bEND3
monolayer was determined using the DAF assay as described
above. Spontaneous migration reflects the passage of hemoglobin
from PBS-RBC across the 3 jum pore size transwell in the absence
of a bEND3 monolayer. As expected, hemoglobin passage was
observed in the absence of the bEND3 monolayer. However, in
the presence of the bEND3 monolayer, the passage of hemoglobin
from PBS-RBC across the bEND3 monolayer was the same
as control (bEND3 only) indicating no passage of hemoglobin
from PBS-RBC across the monolayer. There was a significant
increase in the hemoglobin in the basolateral chamber of wells
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FIGURE 2 | Erythrophagocytosis by brain endothelial cells. Significant time- and concentration-dependent increase in adhesion (A,B) and engulfment (C) of
t-BHP-treated RBC compared with PBS-treated RBC using light microscopy. Marked time dependent increase in engulfment of t-BHP-treated RBC by bEND3 cells
indicated by red arrows (D). Brain endothelial erythrophagocytosis at 24 h was not associated with bEND3 degradation or loss (E). Significant increase in the amount
of hemoglobin retained by the bENDS cells incubated with t-BHP-treated RBC compared with PBS-treated RBC following 24 h incubation confirming
erythrophagocytosis using the DAF colorimetric method (F). Data is presented as mean + SEM of at least 3 independent experiments. *o < 0.05, **p < 0.01, **p <
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incubated with t-BHP-treated RBC compared with PBS-treated
RBC confirming passage of hemoglobin from t-BHP-treated RBC
across the bEND3 monolayer (Figure 4B).

To determine if passage of hemoglobin from the t-BHP-
treated RBC was associated with changes in bEND3 monolayer
integrity, we measured TEER values, before and 24h after
RBC incubation. No changes in TEER were observed for all
concentrations of t-BHP compared with PBS-RBC used as
control, confirming that the passage of hemoglobin from t-
BHP-RBC was not associated with altered bEND3 monolayer
integrity (Figure 4C). Further, to rule out the possibility of
an increase in hemoglobin release with t-BHP in the apical
chamber that may result in higher hemoglobin in the basolateral
chamber, we determined the amount of free hemoglobin released
by PBS- and t-BHP-treated RBC over the course of 24h. We
found that treating RBC with t-BHP did not increase the free
hemoglobin released in the media compared with PBS-treated
RBC (Figure 4D).

Passage of RBC Across the Brain

Endothelium in vivo

In vivo studies in Tie2-GFP mice showed that PKH-26 labeled
PBS-treated RBC were confined to the cerebral vasculature.
However, PKH-26 labeled t-BHP-treated RBC were found inside,
outside, partially outside, and partially attached to the cerebral
vasculature (Figure 5).

DISCUSSION

In this study we demonstrate that RBC exposed to the
oxidative stressor t-BHP undergo significant erythrophagocytosis
(adhesion and engulfment) by the brain endothelial cells
in an in vitro cell culture system. Further, this enhanced
erythrophagocytosis was associated with an increased passage
of RBC degradation product hemoglobin across the brain
endothelial cells. No change in brain endothelium monolayer
integrity was observed with passage of hemoglobin across the
endothelial monolayer in the current study. In vivo studies using
Tie2-GFP mice further verified the passage of t-BHP-treated RBC
across the brain endothelium.

Under normal physiological conditions, the adhesion of
RBC to the vascular endothelium is negligible. However,
altered RBC-vascular endothelial adhesion has been observed
in various pathological conditions including sickle cell disease
(SCD), diabetes mellitus, malaria, and retinal vein occlusion
(Wautier and Wautier, 2013). Pathological adherence of
RBC to the vascular endothelium is associated with vascular
complications including vaso-occlusive events observed
in SCD (Wautier et al, 1985). Further, cytoadherence of
plasmodium falciparum-infected RBC to the brain microvascular
endothelium has been demonstrated in cerebral malaria
(Jambou et al., 2010; El-Assaad et al., 2013; Howland
et al, 2015). Besides abnormal adhesion of RBC to the
vascular endothelium, recent studies report endothelial
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FIGURE 3 | Confocal microscopy of bEND3 cells and RBC to confirm erythrophagocytosis. Maximum projection of z-stack shows adhesion of t-BHP-treated RBC to
bENDS cells and no adhesion of PBS-treated RBC (Blue = DRAQS stain for the endothelial nucleus, green = tight junction ZO-1 protein and autofluorescence of
RBC) (A). Orthogonal view of a single projection, maximum projection of a z-stack and individual images of a z-stack moving from top to bottom of a cover glass
confirm the internalization of t-BHP-treated RBC by bENDS cells (B). Scale bar = 10 um.
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erythrophagocytosis, a phenomenon by which aged and/or
injured RBC adhere to and are engulfed by endothelial
cells of peripheral origin including HUVECs and hepatic
sinusoidal endothelial cells (Fens et al., 2010, 2012; Lee et al.,
2011).

Among the first mechanisms shown to be involved in the
phagocytic removal of aged, senescent, or injured RBC from the
blood circulation (erythrophagocytosis) is membrane scrambling
leading to the exposure of membrane PS to the outer leaflet
of the RBC membrane (Bratosin et al., 1998). PS exposure
serves as an “eat me” signal that triggers erythrophagocytosis by
phagocytes, thereby facilitating erythrocyte clearance from the
circulation (Schroit et al., 1985). Some of the seminal studies
of RBC erythrophagocytosis showed that RBC with abnormal
distribution of PS in the outer cell wall were phagocytized by
macrophages more readily than normal or healthy RBC (Bratosin
et al., 1998). PS-exposing cells are cleared from the circulation
through recognition by receptors, including scavenger receptors,
avB3 integrins, MerTK, TIM-1 and 4, BAII, and Stabilinl and
2, and subsequent attachment, cytoskeleton rearrangement and
phagolysosomal processing (Ravichandran and Lorenz, 2007).
The role of PS in endothelium-mediated erythrophagocytosis was
also recently demonstrated (Lee et al., 2011; Fens et al., 2012). In
these studies, PS-mediated endothelial erythrophagocytosis was
mediated by the avB3 integrins (Fens et al., 2012) or stabilin 1 and
2 (Lee et al., 2011). Apart from endothelial erythrophagocytosis,
PS exposure also plays a pivotal role in pathologic RBC adherence
to vascular endothelium (Setty et al., 2002; Wautier et al., 2011).

In the current proof-of-concept study, PS exposure to mimic
aged and/or injured RBC in vivo was triggered by treating RBC
with t-BHP (Figure 1B) which, although an exogenous agent, is
known to result in exposure of PS to the outer-leaflet of RBC
(Fens et al., 2010), and is widely used as an external inducer of
oxidative stress (Zou et al, 2001). Notably, oxidation of RBC
plays an important role in erythrophagocytic clearance of aged
and/or injured RBC (Kiefer and Snyder, 2000). As previously
demonstrated by others, we found that a large percent of the t-
BHP-treated RBC exposed PS (Fens et al., 2012). Consistent with
studies using peripheral endothelial cells (Fens et al., 2012), in the
current study we found that murine RBC treated with varying
concentrations of t-BHP resulted in robust adhesion followed
by engulfment of RBC by the murine brain endothelial cells
(bEND3) (Figures 2, 3), a well-characterized immortalized brain
microvascular cell line known to retain many morphological and
biochemical properties similar to in vivo conditions (Omidi et al.,
2003). Adhesion and engulfment of t-BHP-RBC was confirmed
using multiple approaches (H&E, DAF assay, confocal analysis
and live imaging). Erythrophagocytosis of t-BHP-RBC was not
associated with loss or degradation of brain endothelial cells in
the current study and is in agreement with a recent study using
HUVEC cells, in which erythrophagocytosis of oxidative stress-
exposed RBC did not result in immediate signs of degradation
and only a small fraction of HUVEC cells showed signs of
apoptosis after 24 h incubation (Fens et al., 2012).

Treatment of RBC with other pathological stimuli such
as LPS or neuraminidase did not result in brain endothelial
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FIGURE 4 | Transmigration of hemoglobin across the bEND3 monolayer. Experimental set up to detect passage of hemoglobin across the bEND3 monolayer (A).
Significant increase in the passage of hemoglobin across the bEND3 monolayer incubated with t-BHP-treated RBC compared with PBS-RBC. Spontaneous migration
reflects passage of hemoglobin from PBS-RBC across the 3 wm pore size transwell in the absence of a bEND3 monolayer (B). Passage of hemoglobin across the
PENDS monolayer grown on transwells incubated with t-BHP-RBC was not accompanied by a change in TEER; TEER measurements are presented as % of
PBS-RBC values (C). Free hemoglobin released by t-BHP-treated RBC is significantly lower compared with PBS-treated RBC. The bEND3 monolayer was grown on
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erythrophagocytosis or PS exposure (data not shown) in the
current study. Further, activation of the brain endothelial cells
with LPS did not augment erythrophagocytosis of t-BHP-treated
RBC (Figure 1). These results are in contrast to previous studies
in which treatment of RBC with LPS or neuraminidase resulted
in significant adhesion to vascular endothelium (Tissot Van Patot
et al.,, 1996; Eichelbronner et al., 2000; Yang et al., 2014), and
activation of endothelial cells with LPS further augmented such
RBC-endothelial cell interactions in vitro (Tissot Van Patot et al.,
1996; Eichelbronner et al., 2000; Setty and Betal, 2008). The use
of brain microvascular endothelial cells in the current study, as
opposed to peripheral endothelial cells used in all the previous
studies, may explain this difference in outcome.

After demonstrating robust erythrophagocytosis of RBC
exposed to oxidative stress by the brain microvascular endothelial
cells in vitro, the main question we wanted to address was
whether brain endothelial erythrophagocytosis was associated
with the passage of RBC or hemoglobin (RBC degradation

product) across the brain endothelium. In the current study,
we show significant passage of hemoglobin across the brain
endothelial monolayer incubated with t-BHP-treated RBC
(Figure 4). We further confirmed that the passage of hemoglobin
was not associated with a change in the brain endothelial
monolayer integrity since the TEER values remained unchanged
for the duration of the experiment.

To evaluate the possibility of migration of free apical
hemoglobin from t-BHP-treated RBC across the monolayer into
the basolateral chamber, we determined the free hemoglobin
released by t-BHP-RBC compared with PBS-RBC over 24h in a
separate series of experiments using bEND3 monolayers grown
in standard cell culture plates (not transwells). We found that t-
BHP-treated RBC did not release more free hemoglobin into the
media compared with the PBS-RBC, and there was significantly
less free hemoglobin in the media of brain endothelial cells
incubated with t-BHP-RBC compared with PBS-RBC (Figure 4)
following 18h and 24h incubation. This suggests that the
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FIGURE 5 | Postmortem confocal microcopy images on mouse brains showing GFP-positive brain endothelium (green) and PKH-26-labeled RBC (red). (A, Top):
PBS-RBC remain in the blood vessels (white arrows heads). (A, Bottom): t-BHP-treated RBC are inside (white arrow head) and outside the blood vessels (yellow arrow
head), and also partially extravasated into the brain (blue arrow head). Orthogonal view showing PBS-treated RBC within the blood vessel (B, Top) and t-BHP-treated
RBC partially and completely outside the blood vessel (B, Bottom). Scale bar = 50 um.

they may produce signatures of CMB.

“Cerebral Microhemorrhage”
(Pseudo-Microbleed)?

FIGURE 6 | Proposed role of endothelial erythrophagocytosis in cerebral microhemorrhage (pseudo-microbleeds) development. Aged and/or injured RBC adhere to
(1) and are engulfed by (2) the brain endothelium. Iron rich RBC or degradation products (e.g., hemoglobin) are translocated across the brain endothelium (3), where

hemoglobin in the basolateral chamber does not represent the
migration of free hemoglobin released in the apical chamber. The
decrease in free hemoglobin with t-BHP-RBC at 18 h and 24h
is consistent with increased RBC erythrophagocytosis of t-BHP-
RBC by brain endothelial cells, and thus lower free RBC available
to release hemoglobin at these time points.

A limitation of our in vitro findings is the use of an
immortalized brain endothelial cell line. Note, however, that
passage of RBC degradation product (hemoglobin) across the
brain endothelial monolayer were corroborated by our in vivo
findings of extravasation of fluorescently-labeled t-BHP-treated

RBC across the brain endothelium of Tie2-GFP mice using
confocal microscopy (Figure 5). We reported a similar finding
of extravasation of fluorescently-labeled RBC across the brain
endothelium of Tie2-GFP mice in an inflammation-induced
mouse model of CMB (Sumbria et al., 2016). In the current study,
the blood vessel adjacent to the extravasated RBC appeared intact
with no visible rupture (Figure 5).

Erythrophagocytosis mediated by macrophages involves RBC
engulfment, endosomal processing and RBC degradation
with subsequent release of hemoglobin and heme. It
should be noted that not all engulfed RBC are subjected to
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phagosomal degradation and that the fate of the engulfed
RBC depends on the molecular machinery involved in
erythrophagocytosis (Santarino et al., 2017). The intracellular
mechanisms involved in the cellular trafficking of engulfed
RBC and subsequent RBC processing by endothelial cells are
understudied.

In the current study, we report the passage of RBC
degradation product hemoglobin in vitro and the passage of
fluorescently-labeled RBC across the brain endothelium in vivo.
The possibility of passage of RBC fragments and not intact RBC
cannot be ruled-out from the current data. We are unaware of
prior reports of extravasation of non-parasitized RBC across the
brain endothelium. Our findings are similar to the work done
by Grutzendler and co-workers who reported engulfment and
subsequent extravasation of emboli into the brain (termed as
angiophagy; Grutzendler et al., 2014). Following passage across
the brain endothelium, emboli were engulfed and degraded by
pericytes and microglial cells. Future in vitro studies using co-
cultures with pericytes and microglial cells will help elucidate the
intracellular trafficking and the fate of the RBC involved in brain
endothelial erythrophagocytosis.

The phenomenon of passage of intact RBC or RBC
degradation products across an intact endothelial monolayer
following endothelial erythrophagocytosis is a novel finding,
and brain endothelial erythrophagocytosis is particularly relevant
from the standpoint of non-hemorrhagic mechanisms involved
in CMB development (Figure 6) (Fisher, 2014). This is because
CMB are focal deposits of blood degradation products,
predominately hemosiderin, which is derived from hemoglobin
following hemolysis (Janaway et al., 2014). MRI detection of
CMB relies on the paramagnetic properties of hemosiderin
and any passage of hemoglobin across the brain endothelium
into the perivascular space can thus produce signatures of
CMB. Further investigation is required to determine whether
brain endothelial erythrophagocytosis and subsequent passage
of RBC or RBC degradation products across the brain
endothelium occur under physiologically relevant conditions
that induce oxidative stress in vivo to produce CMB signatures.
Notably, PS exposure on erythrocytes and oxidative stress has
been reported under several risk factors for CMB, such as
chronic kidney disease (Bonomini et al.,, 1999, 2002; Tucker
et al., 2015) and Alzheimer’s disease (Nicolay et al., 2007;
Gella and Durany, 2009). Further, CMB in the absence
of gadolinium extravasation (marker of blood-brain barrier
disruption) have been reported in patients with cerebral malaria
(Potchen et al, 2018), and recent work showed engulfment
of parasitized RBC by human brain endothelial cells in an in
vitro model of cerebral malaria (Jambou et al., 2010), raising
the possibility of erythrophagocytosis-dependent CMB in this
disorder.
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In conclusion, we show that brain endothelial cells express
an erythrophagocytic phenotype for RBC exposed to oxidative
stress in vitro. Further, brain endothelial erythrophagocytosis
is associated with passage of hemoglobin across the brain
endothelial monolayer in vitro, and passage of RBC exposed
to oxidative stress across the brain endothelium in vivo. These
results may have significant implications for mechanisms of CMB
in the absence of frank vascular disruption.
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Connexin 43 (Cx43) widely exists in all components of the neurovascular unit (NVU)
and is a constituent of gap junctions and hemichannels. In physiological states,
gap junctions are open for regular intercellular communication, and the hemichannels
present low open probability in astrocytes. After cerebral ischemia, a large number
of hemichannels are unusually opened, leading to cell swelling and even death. Most
known hemichannel blockers also inhibit gap junctions and sequentially obstruct normal
electrical cell-cell communication. In this study, we tested the hypothesis that Gap19,
a selective Cx43-hemichannel inhibitor, exhibited neuroprotective effects on cerebral
ischemia/reperfusion (I/R). An obvious improvement in neurological scores and infarct
volume reduction were observed in Gap19-treated mice after brain ischemia induced
by middle cerebral artery occlusion (MCAQO). Gap19 treatment attenuated white matter
damage. Moreover, Gap19 treatment suppressed the expression of Cx43 and Toll-like
receptor 4 (TLR4) pathway-relevant proteins and prevented the overexpression of tumour
necrosis factor-a (TNF-a) and interleukin-1p (IL-1B). To further explore downstream
signaling, we established an in vitro model-oxygen glucose deprivation (OGD) to simulate
ischemic conditions. Immunofluorescence staining showed that Cx43 co-existed with
TLR4 in astrocytes. The hemichannel activity was increased after OGD and Gap19 could
inhibit this effect on astrocytes. Gap19 substantially improved relative cell vitality and
decreased the expression of Cx43, TLR4 and inflammatory cytokines in vitro. In
addition, in the lipopolysaccharide (LPS) stimulation OGD model, Gap19 also exhibited
a protective effect via inhibiting TLR4 pathway activation. In summary, our results
showed that Gap19 exerted a neuroprotective effect after stroke via inhibition of the
TLR4-mediated signaling pathway.

Keywords: cerebral ischemia/reperfusion, hemichannel, inflammation, toll-like receptor 4, neurovascular unit,
neuroprotection

INTRODUCTION

Stroke is the most common neurological disease, and it causes high disability and high mortality
(Lo, 2010). An epidemiological study revealed that 70%-80% of all strokes are ischemic
(Mozaffarian et al., 2015). Currently, intravenous tissue plasminogen activator (t-PA) is recognized
as the most effective therapy for acute ischemic stroke (Powers et al., 2018). However, its clinical use
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is largely limited because of the narrow time window and
strict inclusion criteria (Saver et al., 2013). Recent research has
been devoted to the development of alternative neuroprotective
agents, but almost no agents have been successful in clinical
trials (Sahota and Savitz, 2011). The primary reason is that
previous studies focus on single target neurons or white matter
and ignore the communication between the components of
the neurovascular unit (NVU; Girouard and Iadecola, 2006).
NVU is a complex of neurons, astrocytes, and cerebrovascular
endothelial cells, considered as the structural and functional
unit of the brain (Zhang et al, 2012; Xue et al, 2013). NVU
components are involved in the transport of substances via
intercellular signal transduction and neurovascular coupling and
regulate the steady state microenvironment of neurons (Guo
et al., 2008). Abnormal NVU function may cause neurological
disorders, such as stroke (Moskowitz et al., 2010).

Cell communication in the NVU primarily occurs via
gap junctions (Islam and Mohamed, 2015). Gap junctional
intercellular communication (GJIC) allows direct cell-to-cell
communication, energy metabolites and diffusion of molecules
to maintain homeostatic balance in the brain, such as K* or
glutamate (Naus and Giaume, 2016). Gap junction is consisted
by the aggregation of two connexons (or hemichannels), to
form a direct pathway linking the cytoplasm of the neighboring
cells (Bodendiek and Raman, 2010). Each hemichannel consists
of six connexin proteins, and 11 subtypes are expressed in
brain (Chew et al., 2010). The connexin 43 (Cx43) subtype is
one of the most abundant connexin proteins in brain, widely
exists in the component of NVU, predominately in astrocytes
(Giaume et al., 2010). Connexins are four-time transmembrane
proteins and exist on the plasma membranes. They own two
extracellular loops (ELs) and one intracellular cytoplasmic loop
(CL; Schulz et al., 2015). In the physiological state, gap junctions
in astrocytes remain open, while the hemichannels still present
low open probability (Kim et al., 2016). Hemichannels are
primarily activated after cerebral ischemia, allowing the entry
of Nat and Ca?* and the release of adenosine triphosphate
(ATP) and other small metabolites. These fluctuations cause
Ca** overload, osmotic imbalance, energy exhaustion and
even cell death (Sdez and Leybaert, 2014). Moreover, ATP
released from hemichannels could mediate the microglia
activation and induce inflammatory cytokines secretion from
activated microglia, further upregulate the Cx43 hemichannels
and form a vicious cycle (Shaikh et al, 2012; Sdez et al,
2013).

Hemichannels modulation was considered as a potential
neuro-therapeutic target in cerebral ischemia/reperfusion (I/R)
injury (De Bock et al, 2011). Connexin43 mimetic peptides
could prevent the opening of hemichannels and further reduce
the spread of harmful substance after ischemic injury (Evans
and Leybaert, 2007; O’Carroll et al., 2008). Our previous study
found that the Gap26 and Gap27 could significantly reduce
infarct size and promote neurological function recovery after
hypoxia/ischemia injury in neonatal rats (Li et al, 2015).
However, when applied for several hours, these agents also
prevented the joining of hemichannels and affected gap junction
communication due to their poor specificity (Decrock et al,

2009). Another mimetic peptide, Gapl9, consists of nine
amino acids KQIEIKKFK (Schulz et al., 2015), and it inhibits
the opening of hemichannels without interference the gap
junction communication in astrocytes (Abudara et al., 2014).
Selective inhibition of Cx43 hemichannels using Gap19 protects
against myocardial I/R injury in vitro and in vivo (Wang N.
et al, 2013). Given the higher specificity, we can hypothesis
that Gapl9 may alleviate cerebral I/R injury. Restoration of
blood supply and reoxygenation are usually associated with
deterioration of tissue injury and a profound inflammation called
reperfusion injury (Kim et al., 2014). Subsequent reperfusion
further activates of innate and adaptive immune responses and
cell death programmes (Eltzschig and Eckle, 2011). Recently
study shows that Cx43 hemichannel opening could be triggered
by treatment with pro-inflammatory cytokines in astrocytes
(Retamal et al., 2007). Nevertheless, whether Gap19 influences
cerebral I/R injury via disruption of inflammatory responses is
not clear.

In the present study, we established middle cerebral artery
occlusion (MCAO) and oxygen glucose deprivation (OGD)
models to assess the role and relevant mechanisms of Gap19 in
cerebral ischemia. We found that Gap19 exerted a protective role
in cerebral I/R injury via inhibition of Toll-like receptor 4 (TLR4)
signaling in vitro and in vivo. Therefore, Gap19 is a promising
new drug candidate for the treatment of ischemic stroke.

MATERIALS AND METHODS

Animals and Experimental Groups

Adult male ICR mice (8-10 weeks, 25-35 g) were purchased
from the Comparative Medical Centre of Yangzhou University.
Animals were housed in an appropriate environment at 22 +2°C
and 60% humidity with a 12-h light/dark cycle. All experiment
protocols were approved by the Animal Ethics Committee
of the Yangzhou University (license number: YIACUC-15-
0013). Animals were randomly separated into five groups
(n = 6-15 each): (I) sham; (II) Gap19 group; (III) I/R group;
(IV) UR + Gapl9 group; and (V) I/R + Gap26 group. In the
I/R group, the animals were assigned to several subgroups with
different reperfusion time points (4 h, 12 h, 24 h, 72 h and 7 days).

The Middle Cerebral Artery Occlusion

(MCAO) Model

The MCAO was established as described previously (Wang
et al,, 2014). Briefly, after anesthetize mice with 5.0% isoflurane,
made a small incision on the neck skin, and carefully exposed
the left common carotid artery (CCA), external carotid artery
(ECA), and internal carotid artery (ICA). The ECA was ligated
to block blood flow, and aneurysm clips were used to clamp
the left CCA and ICA. A small incision was created at 2 mm
proximal end of the CCA bifurcation. Through the incision, the
filament was inserted into the ICA, and about 9-11 mm was
inserted to block the MCA. The filament was gently removed
(onset of reperfusion) after 45 min of focal cerebral ischemia.
Tight the ICA with suture line and close the neck incision.
Sham group only accepted neck incision and ligation of the
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ECA without occluding MCA. The mice went back to the
cages with closely monitored and keep the body temperature at
36.5-37.5°C by the electric blanket until they recovered from
anesthesia.

Drug Preparation and Treatment Schedule
Gapl9 was purchased from TOCRIS (catalog No. 5353) and
dissolved in sterilized double distilled water (ddH,0). Gap19 was
injected into the right lateral cerebral ventricle (coordinates:
0.5 mm posterior to Bregma, 1.0 mm right of the midline, and
depth is 2.5 mm) 1 h after MCAO as described previously (Meller
et al., 2005). The optimal dose was selected based on previous
studies (Li et al., 2015) and 10 pg Gap19/Gap26 in 10 pl ddH,O
was slowly injected over 10 min.

Evaluation of Neurological Deficit

A researcher who was unclear of animal grouping assessed
neurological deficits at 24 h after reperfusion. A 5-point method
of neurological deficit scores was applied to assess neurological
behavior, as described previously (Yu H. et al., 2012): 0, no deficit;
1, failure to fully extend right paw; 2, circling to right; 3, falling to
right; 4, no spontaneous walking with depressed consciousness.
Score of 0-2 manifested mild neurological impairment, and
3-4 manifested severe neurological impairment. Remove the
animals with no deficit after MCAO.

Measurement of Infarct Volume

Infarct volume was measured with 0.2% (w/v) 2,3,5-
triphenyltetrazolium  chloride (TTC, Sigma-Aldrich) as
described previously (Tsubokawa et al., 2007; Yu H. et al., 2012).
Briefly, mice were decapitated after neurological evaluation,
and quickly removed and frozen the brain. After cut the brains
into 2 mm coronal sections, slices were stained with 0.2% TTC
for 30 min at 37°C, then fixed with 4% paraformaldehyde
overnight. The infarct tissue area was not stained (white),
and normal tissue was stained red. Then all brain slices
were photographed in one picture and the infarct volume in
each slice was determined by a computerized image analysis
system (AlphaEase Image Analysis Software V 3.1.2). The
percent hemispheric infarct volume was calculated as described
previously (Xiong et al., 2011; Li et al., 2015), calculated the ratio
(%) of the infarction area to the contralateral area of the same
brain.

Luxol Fast Blue Myelin Staining

Luxol fast blue staining (Sigma) and Cresyl violet was used
as a counterstain to assess the myelin damage at 7 days after
reperfusion. Washed the slices in ddH,O for 2 min, and
incubated in 95% ethanol for 1 min. Sections were then incubated
in a preheated solution of 1% LFB (60°C) for 2 h. After
washed, differentiate sections with a 0.05% lithium carbonate
solution and 70% ethyl alcohol each for 10 s. Repeated this
step twice and stained with a 0.1% cresyl violet for 1 min.
Tissues were gradually dehydrated in an ethanol gradient
(70%, 95% and 100%) and fixed with xylene. Quantitative
analyses of Luxol fast blue-stained sections were performed as
described previously (Jing et al., 2014). White matter damage

was calculated as the percentage of blue area in the ipsilateral
striatum.

Isolation and Purification of Three Kinds of

Mice Cerebral Cells

Brain microvascular endothelial cells (BMECs) were collected
from 2-week-old mice, as previously described (Gauthier et al.,
2012; Ruck et al., 2014). Briefly, gray matter was minced
into small pieces in ice-cold 20 mM HEPES in Dulbecco’s
Modified Eagle Medium (DMEM). Tissue was digested at
37°C for 30 min in 0.05% collagenase/dispase. Isolated BMECs
with 17% dextran and ultracentrifuged at 4°C 10,000x g for
30 min. Autoclaved glass beads were used to collect the cells.
Precipitates were resuspended in DMEM supplemented with
10% FBS, 100 U/ml penicillin, 100 mg/ml streptomycin, 2 mM
L-glutamine, 50 mg/ml DNase I and 0.1 mM nonessential amino-
acids. Seed the cells on 6-well culture plates pre-coated with 1%
gelatin and incubate at 37°C in 5% CO,. The purified endothelial
cells were used for following experiments.

Astrocytes were prepared from mice brain cortices within 24 h
of birth, as previously described (Nakagawa et al., 2009). Gray
cortices were minced, digested 0.25% trypsin and centrifuged.
Sediments were resuspended in DMEM supplemented with 10%
FBS and 100 U/ml penicillin, and 100 mg/ml streptomycin. Cells
were seeded at a density of 4.5 x 10° cells/flask onto 75-cm? flasks
pre-coated with 20 pg/ml poly-D-lysine. Change the culture
medium every 2 days. After 12-14 days of culture, shake the
flasks to discard microglia and collect the purified astrocytes.
Astrocytes could be digested with 0.25% trypsin and seeded on
different culture plates for further experiments.

Neurons were obtained from mice embryos at 15-16 days
of gestation, as previously described, using a modified protocol
(Zhu et al., 2014). Briefly, remove the embryos and separate the
cerebral cortex quickly, strip meninges in the sterile filter papers.
Put the acquired tissues into a Ca**/Mg?*-free Hank’s balanced
saline solution (HBSS) solution. Then digest in 2-mg/ml papain
for 30 min and centrifuged. Cells were seeded at 5 x 10° cells/cm?
into 6-well culture plates pre-coated with 100 pg/ml poly-D-
lysine and cultured with Neurobasal medium including 4.5 g/L
glucose, Glutamax and 2% B27. Replace half of the medium with
new medium after 2 days and maintain in culture 3 days prior to
each experiment.

Establishment of in vitro NVU Model

NVU model was constructed by using the transwell system
(Corning Incorporated) according to previous report (Xue
et al., 2013; Tian et al., 2016). Briefly, the neurons were first
seeded into the 6-well culture plate to 0.5 x 10° cells/cm?
for 5 days. Then seed the purified astrocytes on the external
of the transwell insert membrane with a density of 5 x 10°
cells/cm?. After astrocytes were adhered for 4 h, and the insert
was transferred into the well to co-culture with neurons. After
1 day, BMECs were plated to the internal of the transwell insert
membrane with 1.0 x 10° cells/cm? and co-cultured for 2-3 days.
After co-culture, medium was replaced with DMEM-F12
supplemented with 10% FBS, L-glutamine, penicillin (100 U/ml)
and streptomycin (100 mg/ml). The NVU model was prepared
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for next experiments. Lipopolysaccharide (LPS; 1 pg/ml, Sigma)
and Gap19 were added to the medium below the transwell at the
beginning of OGD to construct the model.

Oxygen-Glucose Deprivation

To simulate ischemia in vitro, OGD treatment was established as
described previously (Rowe et al., 2014) with small modification.
First, removed the original culture medium and replaced with
glucose/serum-free DMEM. Then, transfer the plates into an
anaerobic chamber for 4 h at 37°C, which already balanced
with 5% CO; and 95% N;. Cells were returned to completely
normal conditions for 24 h. Groups as follows: (1) control;
(2) Gapl9 group; (3) OGD group; (4) OGD + Gapl9 group;
(5) OGD + LPS group; and (6) OGD + LPS + Gapl9 group.
Control cells were incubated in the normoxic incubator. Gap19
(100 M) were treated into system at the beginning of OGD.

Cytotoxicity Assay

The 3-(4,5-dimethyl-thiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay was used to assess the cell viability (Jiang
et al., 2014). Briefly, purified astrocytes were seeded in 96-well
plates with DMEM without serum. Cells were disposed with
different concentrations (10 wM, 50 uM, 100 wM, 150 .M and
200 M) of Gap19 at the beginning of OGD. Then the medium
was removed, and the MTT assay was conducted according
to the manufacturer’s protocols. The formation of formazan
crystals was detected at 490 nm by a microplate reader. Cell
viability was showed as a percentage of the control that had not
undergone Gap19 treatment.

Immunofluorescence Staining

Immunofluorescence was performed as described in a previous
study (Tian et al., 2016). Briefly, different cell types were
seeded on coverslips. Cells were gently washed after reaching
70% confluency and fixed with 4% paraformaldehyde for
20 min. Then block with 3% bovine serum for 1 h and
incubate with primary antibody at 4°C overnight. BMECs
were incubated with CD31 (anti-rabbit, 1:20, Abcam), and
neurons were incubated with tubulin B-IIT isoform (anti-
mouse, 1:200, Millipore). Astrocytes were incubated with
GFAP (anti-mouse, 1:100, Millipore; anti-rabbit, 1:500, Cell
Signaling), Cx43 (anti-rabbit, 1:1,000, Cell Signaling; anti-mouse,
1:100, Abcam) and TLR4 (anti-mouse, 1:500, Proteintech).
Cells were washed and incubated with anti-rabbit IgG labeled
with Alexa-594 (Invitrogen) or anti-mouse IgG labeled with
Alexa-488 (Invitrogen). Finally, stain the nuclei with 4°,6-
diamidino-2- phenylindole (DAPI, C1006; Beyotime, Shanghai,
China). The coverslips were viewed by the fluorescence
microscope (LSM780, Zeiss, Jena, Germany).

Ethidium Bromide Uptake

To evaluate the hemichannels activity after OGD and the effect
of Gapl9, astrocytes, neurons and BMECs were respectively
cultured on 24-well plates. After OGD, the cultured cells were
washed with HBSS twice and incubated with 5 WM ethidium
bromide (EtBr; Giaume et al., 2012) in 37°C forl0 min.
Then washed the cells again, fixed with 4% paraformaldehyde

and visualized by the fluorescence microscope. Pictures were
analyzed through counting the number of EtBr-positive cells per
field by Image] software.

Enzyme-Linked Immunosorbent Assay
(ELISA) Analysis

Carefully collect the cell culture supernatants after OGD and
centrifuge at 12,000x ¢ 4°C for 15 min. Tumor necrosis
factor-a (TNF-a) and interleukin-1§ (IL-1B) concentrations
were evaluated by Enzyme-Linked Immunosorbent Assay
(ELISA) assay kits. All procedures were performed following the
directions provided in the kit. The absorbance of each sample was
detected by a microplate reader at 490 nm. The concentration of
cell cytokines is described as picograms per milliliter.

Western Blot Analysis

At different reperfusion times, protein was extracted from the
infarcted hemispheres and cultured cells by a protein extraction
kit (Beyotime Biotech) as described in our previous report
(Li et al., 2015). Protein samples were next electrophoresed
and transferred to polyvinylidene difluoride filter (PVDF)
membranes. Then block the membrane with 5% fat-free milk
at room temperature for 2 h, and incubate with primary
antibodies as follows: anti-Tubulin (Cell Signaling), anti-Cx43
(Cell Signaling), anti-TLR4 (Proteintech), anti-MyD88 (Cell
Signaling), anti-NF-kB p65 (Proteintech), anti-IL-1f (Bioss),
and anti-TNF-a (Bioss) at 4°C overnight. Next day, incubate
with secondary horse anti-mouse or goat anti-rabbit antibodies
conjugated with horseradish peroxidase (Cell Signaling) for 2 h
and visualize by an enhanced chemiluminescence system (ECL).
Relative protein levels were quantified after normalization to
Tubulin.

Statistical Analysis

All data were described as the mean & SEM. Pictures were
analyzed by Image] software. Data from all experiments were
quantified and analyzed by GraphPad Prism 7.0 software.
P < 0.05 was regarded as statistically significant.

RESULTS

Gap19 Decreased Infarct Volume and
Prevented the Deterioration of
Neurological Deficit

Animals were euthanized after 24 h reperfusion, and the
brain infarction volume was analyzed using TTC staining to
determine whether Gapl9 was protective after cerebral I/R
injury. Results demonstrated I/R group has a large infarct volume
(56.06 + 1.77%). Gap26 and Gapl9 treatment groups exhibited
a significantly smaller infarct volume than I/R group (P < 0.05,
Figures 1A,B). Furthermore, the infarct volume of the I/R +
Gapl9 group (27.9 £ 0.93%) was significantly smaller than
that of the I/R + Gap26 group (40.12 £ 0.95%; P < 0.05,
Figures 1A,B). This result demonstrated that Gapl9 had a
better neuroprotective effect. As shown in Figure 1C, no
obvious neurological deficits were generated in the sham
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FIGURE 1 | Gap19 decreased infarct volume and prevented the deterioration neurological deficit after ischemia/reperfusion (I/R) injury. Mice were administered
Gap26 or Gap19 1 h after middle cerebral artery occlusion (MCAQ). 2,3,5-triphenyltetrazolium chloride chloride (TTC) staining and neurological scores were examined
at 24 h after reperfusion. (A) Representative TTC-stained slices of different treatment groups after MCAQ. The infarct tissue area was not stained (white), and normal
tissue was stained (red). (B,C) Statistical analyses of infarct volume of different treatment groups were shown. (C) Neurological scores were assessed with a 5-point
scale system. Gap19 treatment observably decreased neurological deficits. Data represent mean + SEM of five brains. *P < 0.05 vs. I/R group, #4P < 0.05.

or Gapl9 groups, whereas severe deficits could be observed
in I/R group. Consistent with this result, we also found
that Gapl9 treatment remarkably reduced neurological scores
and prevented the deterioration of the neurological function
(P < 0.05, Figure 1C).

Gap19 Ameliorated White Matter Injury
After Cerebral I/R Injury

We euthanized mice at 7 days after reperfusion, and the brains
were prepared for frozen sectioning, stained with LFB to examine
the influence of Gapl9 on white matter after I/R injury. We
chose the white matter-enriched area of the striatum for LFB
stain and analyzed the blue area in the striatum. Striatum staining
was shallow in the I/R group, and the cells were swollen and
disorganized (Figures 2A,B). The blue area in I/R + Gap19 group
was obviously larger than the area in I/R group (P < 0.05,

Figure 2C). This result demonstrated that Gap19 alleviated the
white matter injury in the MCAO model.

The Relative Amount of Cx43 and

TLR4 Increased After Cerebral I/R Injury

Western blots analyzed the expression levels of Cx43 and TLR4 at
different reperfusion time points. The infarcted hemispheres
were extracted from the sham group and groups with different
reperfusion times (4 h, 12h, 24 h, 72 h and 7 days). Upon I/R 4 h,
it was observed an increase in the abundance of Cx43. Expression
increased 4 h after reperfusion, peaked 24 h after reperfusion, and
declined but remained higher than normal until 7 days (P < 0.05,
Figures 3A,C). TLR4 level increased obviously in the infarcted
region at 24 h after reperfusion and reached a maximum at 72 h
post-reperfusion (P < 0.05, Figures 3A,B). This trend correlated
with Cx43 expression. At 24 h after cerebral I/R injury, the level
of Cx43 protein in I/R + Gap19 group was lower than that in the
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FIGURE 2 | Gap19 ameliorated white matter injury. (A,B) Representative pictures of LFB stain at 7 days after cerebral ischemia. (C) The percentage of blue area in
I/R + Gap19 group was increased compared to I/R group. *P < 0.05 vs. I/R group. Data represent the mean + SEM (n = 3 mice/group). Scar bar = 100 wm.

*

I/R group, which indicated that Gap19 effectively prevented the
increase in the abundance of Cx43 (P < 0.05, Figures 3D,E).

Gap19 Inhibited Activation of the

TLR4 Pathway and Reduced Inflammatory
Cytokines in vivo

The secondary inflammatory response is the main reason
for secondary injury after cerebral I/R, and TLR4-mediated
innate immunity plays an important role (Wang Y. et al,
2013). We found that the expression of TLR4 was remarkably
increased after MCAO than sham group or Gapl9 group
(P < 0.05, Figures 4A,B). TLR4 level was significantly
lower in I/R + Gapl9 group than I/R group. Gapl9 also

inhibited the expression of the TLR4 downstream protein
MyD88 and NF-«kB (P < 0.05, Figures 4A,C,E). Furthermore,
proinflammatory cytokines as TNF-a and IL-1f released from
ischemic tissue are associated with neurotoxic effects by inducing
apoptosis of neuronal cells (Boutin et al., 2001; Shichita
et al, 2012). Previous studies showed that these cytokines
could also affect Cx43 abundance in both astrocytes (Méme
et al., 2006; Retamal et al., 2007) and microglia (Eugenin
et al, 2001). Our study demonstrated that Gapl9 treatment
remarkably decreased the expression of IL-18 and TNF-a
(P < 0.05, Figures 4D,EG), which could further decreasing
the Cx43 expression. These results revealed that Gapl9 could
effectively inhibited TLR4 pathway and decreased inflammation
in a mouse cerebral I/R model.
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FIGURE 3 | The relative amount of connexin 43 (Cx43) and Toll-like receptor 4 (TLR4) increased after cerebral I/R injury. (A) Photomicrographs showed Cx43 and
TLR4 tubulin levels in the sham group and 4 h, 12 h, 24 h, 72 h and 7 days after cerebral I/R injury. (B,C) Quantitative analyses revealed the variation tendency of
Cx43 and TLR4 after cerebral I/R injury. (D) Photomicrographs showed Cx43 levels at 24 h after cerebral I/R injury. (E) Quantitative analysis of Cx43. Data represent
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Cx43 Co-existed With TLR4 in Astrocytes
We performed immunofluorescence staining for Cx43 and
TLR4 in primary astrocytes to further determine the relationship
between the protective effect of Gap19 and the TLR4 signaling
pathway in cerebral ischemic injury. We could saw both
TLR4 and Cx43 existed on astrocytes in the OGD model.
Cx43 was primarily expressed in the cytoplasm (yellow arrow),
and TLR4 was expressed in the cell membrane (red arrow;
Figure 5).

Gap19 Increased Cell Viability After OGD
and Inhibited Cx43 Expression

We performed MTT assay in primary astrocytes to determine
the optimal concentration of Gapl9 in the cell OGD model.
Different concentrations of Gap19 were selected to intervention
in the onset of OGD, and cell viability was determined. The
results demonstrated that Gap19 effectively improved the relative
vitality of co-cultured cells at 50 pM, 100 pM, 150 pM

and 200 pM (P < 0.05, Figure 6A), and we chose optimal
concentration—100 uM (P < 0.01) for subsequent experiments.
The expression level of Cx43 was increased in the cell OGD
model, and the expression was reduced after Gap19 intervention,
which was consistent with the in vitro results (P < 0.05,
Figures 6B,C).

Gap19 Decreased the Hemichannels

Activity After OGD on Astrocytes

Previous study showed that Gap19 can inhibit Cx43 hemichannel
activity in astrocytes after treatment with pro-inflammatory
cytokines (Abudara et al, 2014). In this study, we targeted
the Cx43 hemichannels after brain ischemia, so we conducted
the EtBr uptake assay to evaluate the hemichannels activity
in different cells after OGD. First, we identified the three
cell types with specific cellular markers. Neuron was verified
by anti-B-III tubulin antibody (Figure 7A), BMECs were
characterized by anti-CD31 antibody (Figure 7B) and astrocytes
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FIGURE 4 | Gap19 suppressed the TLR4 signaling pathway and inflammatory cytokines expression in vivo. (A) Brain tissues were collected after 24 h reperfusion,
and TLR4, MyD88 and NF-kB p-p65 levels were determined by Western blot. Gap19 treatment inhibited the increment of TLR4 (B), MyD88 (C) and NF-kB p-p65 (E)
expression. (D) Interleukin-1p (IL-18) and tumor necrosis factor-a (TNF-a) protein expression was also lower in Gap19-treated mice than I/R mice 24 h
post-reperfusion (F,G). Data represent the mean + SEM (n = 3 mice/group). *P < 0.05 vs. I/R group.
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astrocytes after oxygen glucose deprivation (OGD). (D-F) The pictures were the amplification of the cell with the arrow above. Scar bar = 50 pm.
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were identified by anti-GFAP antibody (Figure 7C). Then,
we observed that EtBr uptake was increased in three type

cells after OGD (Figures 7G-I) than the control group
(Figures 7D-F). There was slightly reduction of hemichannels
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activity in neurons and BMECs after treatment with Gap19, but
without statistical difference (Figures 7J,K,M,N). Meanwhile,
Gap19 could obviously inhibit the hemichannels opening after
OGD in astrocytes (Figures 7L,0). This result was consistent
with a recently study. Walrave et al. (2018) found that
Gap19 inhibited the hemichannels open induced by Pilocarpine
and exerted anticonvulsant effects. Based on these result, we
think astrocytes are the most critical cell type in this triple
co-culture system.

Gap19 Also Prevented the Activation of
TLR4 Pathway and Reduced Inflammatory

Cytokines in vitro

We constructed a triple cell co-culture system to verify the role of
Gap19 in vitro cerebral I/R model. Gap19 reduced the activation
of TLR4 (P < 0.05, Figures 8A,B) compared to the levels
in the triple cell co-culture OGD group. MyD88 and NF-kB
level were also lower in the OGD + Gapl9 group (P < 0.05,
Figures 8A,C,D). We conducted ELISA to analyze the levels of
inflammatory factors in the culture supernatant. The secretion of
TNF-a and IL-1 in the Gapl9 treatment group was decreased
(P < 0.05, Figures 8E,F). These results were similar to those
in the in vitro study. To further identify the anti-inflammation
role of Gapl9, we use the neutralizing antibodies of TNF-a
to treat the astrocytes after OGD and detect the cell viability.
We qualitatively found both TNF-a and p-P65 expression was
inhibited through Western blot (Figure 8G). The MTT assay
revealed that neutralization of TNF-a can also increase the
astrocytes viability after OGD, just like Gapl9 (P < 0.05,
Figure 8H). This is a very interesting result, which further

confirmed that Gap19 could alleviate the inflammatory response
by inhibiting the opening of Cx43 hemichannels.

Gap19 Attenuated LPS-Induced

TLR4 Activation and Inflammation in vitro
Based on the above results, we hypothesized that Gap19 protected
against cerebral I/R injury via downregulation of TLR4 signaling.
LPS is one of the pathogen-associated molecular pattern that
can specifically activate TLR4 signaling (Shao et al., 2013),
and increase Cx43 hemichannels activity in astrocytes (Retamal
et al, 2007). We conducted the LPS-induced experiment to
further verify this hypothesis. The expression of TLR4 after
LPS treatment was increased compared to the OGD group in
the triple cell co-culture system (P < 0.05, Figures 9A,B).
Gapl9 treatment significantly attenuated TLR4 expression
after LPS stimulation in OGD model. We further detected
proinflammatory cytokine levels in the cell supernatant using
ELISA. Gapl9 treatment decreased the release of TNF-a and
IL-1f in the culture medium after LPS stimulation (P < 0.05,
Figures 9C,D). These results further corroborate that the
protective effect of Gapl9 occurred via downregulation of the
TLR4 pathway.

DISCUSSION

The concept of the NVU was first proposed in 2003 by
Lo and colleagues (Lo et al,, 2003). Cerebrovascular disease
research has gradually shifted focus from merely neurons or
astrocytes to the NVU integral components, and it is considered
a precondition for the screening of novel drugs and therapeutic
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FIGURE 7 | Gap19 decreased the hemichannels activity after OGD on astrocytes. (A-C) Immunophenotyping of three cells were identified by -III tubulin, CD31 and
GFAP. (D-L) Representative pictures showed ethidium bromide (EtBr) uptake via hemichannels in the three groups of different cells. (M=0) EtBr uptake was
increased after OGD injury, and Gap19 could remarkably inhibited hemichannels activity. *P < 0.05 vs. control group. *P < 0.05 vs. OGD group. Scar bar = 100 um.

target for stroke (Hu et al., 2017). Glial cells (astrocytes and  This study successfully established the cerebral I/R model
oligodendrocytes) and BMECs are damaged via similar injury  in vivo/vitro and examined the role of Gapl9 in cerebral I/R
pathways, including glutamate toxicity, during ischemic injury  injury. Our results suggested that Gapl9 reduced the infarct
(George and Steinberg, 2015). Ischemic damage also activates  size and prevented the deterioration of the neurological function
endogenous immune cells such as microglia (Kim et al., 2014).  after cerebral ischemia and alleviated brain white matter damage.
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We further investigated the protection mechanism of Gapl9.
Result showed that Gap19 reduced the expression levels of Cx43,
TLR4, MyD88 and NF-kB after ischemic injury and reduced the
inflammatory response secondary to reperfusion.

We also investigated the mechanism about how
Gapl9 alleviating inflammation following stroke. We cultured
primary neurons, astrocytes and cerebrovascular endothelial
cells and constructed an NVU model for OGD treatment to
simulate the in vivo process of cerebral I/R injury. Our result
showed that when the concentration of Gap19 over 150 wM, the
cell viability decreased compared with 100 M. We think that
high concentration strongly inhibits the Cx43 expression and
decrease the gap junction formation, further interfering cell-to-
cell communication. We detected the change of hemichannels
activity on different treatment by EtBr uptake assay. Results
showed that the opening of hemichannels increased after OGD
and Gapl9 could inhibit this effect on astrocytes. We also
observed that Gap19 inhibited activation of the TLR4 pathway
after OGD and inhibited the expression of pathway-related
proteins, reduced the release of TNF-a and IL-1f, which was
similar with the role of neutralization of TNF-a. Gapl9 also
decreased the expression of TLR4 in the LPS administration

OGD model. Our results are the first to demonstrate that
specific blocker of Cx43 hemichannels-Gap19 plays a vital role
in protecting cerebral ischemia via inhibition of activation of the
TLR4 pathways.

NVU consists of neurons, astrocytes and cerebrovascular
endothelial cells, pericytes, basal membranes, and extracellular
matrix (Stanimirovic and Friedman, 2012). Nerve cells are
primarily connected with each other via gap junctions to
communicate electrical signals, transmit chemical signals and
metabolites to support the normal function of NVU cells
(Giaume et al, 2010). Our study considered the NVU as
the main research object and gap junctions as the main
target. Cx43 is the main connexin protein that forms the gap
junctions and hemichannels, and these proteins are expressed
abundantly in brain, especially in astrocytes (D’hondt et al,
2014). Large amounts of hemichannels are opened after ischemia,
causing ion disorders, loss of important metabolic substances,
cell swelling and even death. Previous studies have shown
that the use of gap junction inhibitors, such as glycyrrhetinic
acid and its derivative carbenoxolone, improve blood-brain
barrier permeability in mice, but the specificity is poor, and
glycyrrhetinic acid interferes with other types of junctions
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(Takeuchi et al., 2011). Our previous studies demonstrated that
the Cx43 mimetic peptides Gap26/Gap27 exhibited protective
effects on the hypoxia/ischemia model in neonatal rats (Li
et al., 2015). Hawat et al. (2010) found that Gap26 reduced
infarct volume in myocardial ischemia reperfusion injury in rats.
However, Gap26/27 also affected the formation of gap junctions
when hemichannels are blocked.

Gap19 is a mimetic peptide that corresponds to a sequence in
the CL of Cx43, which may disturb the interaction of C-terminal
tail and CL of Cx43 (Abudara et al., 2014). The peptide may keep
the gap junction open and hemichannel closed after ischemia
with high specificity (Delmar et al., 2004). Wang N. et al.
(2013) verified that Gapl9 decreased the infarct volume after
myocardial I/R in mice and alleviated cell oedema. Vicario
et al. (2017) found that Gapl9 specifically inhibited damage
to human neuroblastoma cells after hypoxia/reoxygenation
injury. Walrave et al. (2016) reported that TAT-Gapl9
impaired hippocampal short-term spatial memory via inhibition
of Cx43 hemichannels. Treatment with Gapl9 decreased
Cx43 expression in our study, which could further decrease the
formation of Cx43 hemichannels. Our previous study found that
Gap26 could decrease both total and dephosphorylated Cx43,
and promote the internalization of Cx43 and the degradation of
Cx43 in cytoplasm through the ubiquitin proteasome pathway
(Li et al., 2015). In this study, Gap19 reduced infarction volume

more than Gap26, exhibited better specificity and played a
neuroprotective role in brain ischemia, and our results identified
that Gap19 could significantly decrease the hemichannels activity
on astrocytes but not on neurons and BMECs. Previous studies
showed that Cx43 mainly expressed in astrocytes, rarely on
neurons (Liu et al., 2012; Schulz et al., 2015), and could increase
in BMECs after inflammation (Danesh-Meyer et al., 2012). In this
NVU model, astrocytes were the critical one as bridge to connect
the different components.

I/R is a pathological process that interrupts the blood flow of
an organ, subsequent with reperfusion and reoxidation. Blood
recirculation further aggravates tissue damage, which leads to
a more severe inflammatory response, known as reperfusion
injury (Eltzschig and Eckle, 2011). This injury occurs in a sterile
environment and involves signaling events through pattern-
recognition receptors (PRRs), such as TLRs, and the infiltration
of blood immune cells of the innate and adaptive immune
systems (Shichita et al., 2012). As we all know, microglia is
the primary immune effector and can be activated by ischemia,
releasing inflammatory cytokines (Morioka et al., 1993). And
in brain, TLRs are constitutively expressed in microglia, but
also in astrocyte and can be activated by endogenous damage-
associated molecular patterns (DAMPs), such as ATP (Zhang
et al,, 2010), high mobility group box 1 protein (Yang et al,
2011), heat shock proteins, extracellular matrix proteins and so
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on. They are released from damaged brain cells after ischemia
(Kim et al., 2014; Molteni et al., 2016). Increasing evidence
suggests that TLR4 plays an important role in secondary brain
injury following ischemia (Brea et al., 2011). A recent study
demonstrated that TLR4~/~ mice decreased neuronal damage
and apoptosis after global cerebral I/R (Hua et al., 2007). Hua
et al. (2015) found that TLR4 blocker TAK-242 alleviated the
inflammation after brain ischemia and played a neuroprotective
role. Although TLR4 was primarily expressed in microglia in
the central nervous system, these receptors are also expressed
in astrocytes (Carpentier et al., 2008), neurons (Tang et al,
2007), and cerebrovascular endothelial cells (Grace et al., 2014) in
some pathological environments. Our study demonstrated that
Gap19 inhibited activation of the TLR4 signaling by MyD88-
dependent pathway. Previous studies showed that treatment
with TNF-a or IL-1f could increase membrane permeability
through Cx43 hemichannels in astrocytes (Retamal et al., 2007)
and upregulate the expression of Cx43 in microglia (Shaikh
et al, 2012; Sdez et al., 2013). Our results revealed that
Gapl9 attenuated the expression of TNF-o and IL-1f after
cerebral I/R injury which further suggests that the protective
effect may occur via inhibition of the inflammatory response after
reperfusion. Previous researches showed that after inflammation
stimulation, microglia can also express Cx43 and communicate
with each other through the gap junction (Eugenin et al., 2001;
Shaikh et al., 2012; Sdez et al., 2013). In the future study, it will be
valuable to add the microglia in this system for further study.

A recent study demonstrated that the Cx43 hemichannel
may be a novel mediator of sterile inflammatory diseases
(Li et al., 2018), which is consistent with the results of
our study. This research further indicates that Cx43 is
associated with inflammation. LPS is the main component
of the cytoderm of Gram-negative bacteria and specifically
activated the TLR4 pathway to induce an inflammatory response
(Kawai and Akira, 2010). The in vitro model found that
Gap19 reduced TLR4 and inflammatory cytokines expression
after LPS stimulation. Previous studies reported that IL-1f
and TNF-a released by activated microglia can inhibit the
gap junction communication and increase the hemichannels
activity on astrocyte (Méme et al., 2006; Retamal et al., 2007).
In other words, Gapl9 may also decrease the opening of
Cx43 hemichannels. All these data demonstrated that the
inhibitory effect of Gapl9 on the inflammation secondary
to I/R injury may be associated with the inhibition of
TLR4 signaling pathway. However, how the interaction of
Gap19 and Cx43 causes inhibition of the TLR4 pathway remains
unknown. We think that the mechanism may be similar to
the treatment with Gap26. Previous study showed that the
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Hydroxysafflor yellow A (HSYA) is the major active chemical component of the
safflower plant flower, which is widely used in Chinese medicine for cerebrovascular
and cardiovascular disease treatment. Recent studies have demonstrated that HSYA
exerts neuroprotective effect on cerebral ischemia, such as neuronal anti-apoptosis,
antioxidant activity and oxygen free radical-scavenging. However, whether and how
HSYA has a protective effect on cognitive impairment induced by cerebral ischemia
reperfusion remains elusive. In the present study, by using the middle cerebral artery
occlusion (MCAO) model, we found that 8 mg/kg and 16 mg/kg HSYA administration
by common carotid artery (CCA) injection improved impaired cognitive function in Morris
water maze (MWM) and passive avoidance tasks, but not 4 mg/kg HSYA treatment,
suggesting that HSYA treatment in a certain concentration can improve cognitive
impairment in MCAO rats. Furthermore, we found that 8 mg/kg HSYA treatment rescued
the impaired long-term potentiation (LTP) in hippocampus of MCAQ rats. Taken together,
these results for the first time demonstrate that HSYA has the capacity to protect
cognitive function and synaptic plasticity against cerebral ischemia-reperfusion injury,
and provide a new insight that HSYA may be a promising alternative for recovery of
cognitive dysfunction after brain ischemic injury.

Keywords: Hydroxysafflor yellow A, cerebral ischemia, memory, field potential recording, LTP

INTRODUCTION

Stroke is the third leading cause of death and adult disability worldwide, particularly of the elderly
(Chen et al., 2012), which is broadly classified as ischemic stroke (approximately 80%-90%) and
hemorrhagic stroke (approximately 10%-20%; Goldstein et al., 2006). Ischemic stroke occurs when
an artery in the brain is blocked resulting from a transient or permanent reduction in cerebral blood
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flow (Dirnagl et al., 1999). The stroke patients must not only
survive the acute stage of infarction, but also cope with the
ongoing neurological impairment. More than half of the stroke
survivors experience residual physical disability and cognitive
decline (Ivan et al., 2004). Although it has been reported that
the impaired sensorimotor function after ischemic stroke could
be recovered with time (DeVries et al., 2001; Fluri et al., 2017),
cognitive and neuronal dysfunction is irreversible (Bayat et al.,
2012, 2015).

The flower of the safflower plant, Carthamus tinctorius
L. has been widely used in traditional Chinese medicine for
cerebrovascular and cardiovascular disease treatment. In the
Compendium of Materia Medica, it is described as being able
“to invigorate the circulation of blood,” which suggests it has
potential benefits for the circulation system (Xu et al.,, 2012).
Hydroxysaftlor yellow A (HSYA), first isolated by Meselhy et al.
in 1993 (Zhu et al, 2011), is the major active component of
safflower which was confirmed that the structure is C-Glycosyl
quinochalcones (Black, 2011; Li et al., 2016) and has proven to be
water-soluble and penetrative to the blood brain barrier (Meselhy
etal., 1993).

Previous studies have demonstrated that HSYA markedly
extends coagulation time in mice, which raised the possibility
that it might exert therapeutic actives on cerebral ischemia
induced by thrombosis (Li et al, 2013). Furthermore, it is
confirmed that HSYA could significantly decrease neurological
deficit scores, reduce the percentage of infarction following
ischemia-reperfusion injury in rats (Sun et al, 2013; Nazari
et al.,, 2016). However, most of researches in this field to date
have focused on neuronal anti-apoptosis (Shan et al., 2010),
antioxidant activity (Wei et al., 2005) and oxygen free radical-
scavenging (Tian et al., 2008) of HSYA in the cerebral ischemic
injury. Whether HSYA has benefits on cognitive improvement
after ischemia-reperfusion injury is unclear.

In recent years, with more and more studies focus on the
neural mechanisms of the cerebral injury, it is demonstrated that
brain ischemia impairs physiological form of synaptic plasticity
(Feng et al., 2013; Christophe et al., 2017). Clinical symptoms
of cognitive impairment such as learning disability, memory
loss and lack of executive functioning resulting from ischemic
stroke are associated with a loss of synapse number and function
in the hippocampus (Jiang et al., 2010). Long-term changes in
synaptic transmission, such as long-term potentiation (LTP),
are thought to be an indicator of synaptic plasticity at the
cellular level (Malenka and Nicoll, 1999; Martin et al., 2000),
which is necessary for storage of information by modifying
synaptic transmission efficiency. It has been confirmed that
LTP can be induced after a short period of brain ischemic
injury (Hammond et al., 1994). Also, it has been reported
that HSYA improves cognitive function in the rat model of
vascular dementia via increasing VEGF and NR1 (Zhang et al,,
2014), and enhancing the endogenous expression of BDNF and
NMDARs in the hippocampus (Xing et al., 2016). Thus, it is
manifested that BDNF and NMDAR play an important role
in synaptic plasticity and forming process of LTP in vascular
dementia. In addition, it would almost be certain that HSYA
has neuroprotective effect on ameliorating cognitive dysfunction.

Therefore, it is necessary to study whether HSYA recovers
cognitive impairment after brain ischemia via improvement
of synaptic plasticity. So far, however, there has been little
discussion about the impact of HSYA on synaptic plasticity and
memory performance.

In the present work, we adopted middle cerebral artery
occlusion (MCAQO) model, which is considered to be a
convenient, reproducible, and reliable rodent model of
cerebral ischemia in humans, to investigate the effects of
HSYA on cognitive function and hippocampus synaptic
plasticity in cerebral ischemia reperfusion-injured rats.
We found that HSYA significantly improved the learning
and memory of rats subjected to MCAO model in the
Morris water maze (MWM) and passive avoidance tasks.

Furthermore, HSYA recovered the impaired LTP at
hippocampus while leaving basal synaptic transmission
unaffected.

MATERIALS AND METHODS

Animals and Drugs

Sprague-Dawley male rats (weighing 250-290 g, aged
9-11 weeks) were obtained from Shanghai Laboratory
Animal Center of Chinese Academy of Sciences. The rats
were housed in temperature (22-26°C) and humidity
(40%-70%) controlled conditions with a 12/12 h light/dark
cycle, and the rats had ad libitum access to food and water.
All animal experiments described in this study were conducted
according to Animals Act (2006; China) and approved by
the Institutional Animal Care and Use Committee (IACUC
approval ID #M07016) of the East China Normal University.
All efforts were made to minimize animal suffering and
reduced the number of animals used. In addition, HSYA
was produced by Shanghai Yuanye Pharmaceutical Co.,
Ltd. (Shanghai, China), and its purity as analyzed by high
performance liquid chromatography peak area normalization
was 98.8%. Solution of drugs was always prepared afresh
before use.

Focal Cerebral Ischemia/Reperfusion

Procedure and HSYA Administration

Rats were randomly divided into five groups: (1) sham operated
rats; (2) MCAO (vehicle-treated) group; (3) 4 mg/kg HSYA
group; (4) 8 mg/kg HSYA group; and (5) 16 mg/kg HSYA
group. Focal cerebral ischemia/reperfusion injury was induced by
MCAQO, based on the method developed by Longa et al. (1989).
The rats were anesthetized with an intraperitoneal injection of
10% chloral hydrate (400 mg/kg; Sinopharm Group Chemical
Reagent Co., Ltd., Shanghai, China). The right common carotid
artery (CCA), external carotid artery (ECA) and internal carotid
artery (ICA) were isolated via blunt dissection with a midline
incision of the neck. The branches of the ECA were cut off,
and the whole of the ECA was ligated. A monofilament nylon
suture with a polylysine-coated tip (0.26 mm; Beijing Xinong
BioTechnologies Co., Ltd., China) was inserted into the right
side of ICA in the depth of 19 + 0.5 mm from the CCA,
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to occlude the origin of the (MCA). The monofilament nylon
suture was fixed and the incision was closed. Occlusion was
done for a period of 1.5 h. After 1.5 h occlusion, reperfusion
achieved by withdrawing the monofilament nylon suture to
restore blood supply to the MCA territory. After waiting for
another 1.5 h, the incision of rat was reopened and HSYA (at
a dose of 4 mg/kg, 8 mg/kg, and 16 mg/kg dissolved in 0.9%
saline) was injected into the unilateral CCA at a constant speed
(0.05 mL/min). The sham-operated rats received all surgical
procedures but without the monofilament nylon suture inserted.
Body temperature of rats were maintained at 37 £ 0.5°C
throughout the surgery by means of a heating blanket and a
lamp.

Evaluation Test of MCAO Model

Assessment of Neurological Deficits

Assessment of neurological deficits was performed on rats
24 h after reperfusion by using the Garcia test, which is a
neurological examination that utilizes an 18-point scale (Garcia
et al., 1995). The examiners were blind to the procedure that the
rat had undergone. The neurobehavioral study items included
spontaneous activity, symmetry in the movement of four limbs,
forepaw outstretching, climbing, body proprioception.

Measurement of Edema (Brain Water Content)
Cerebral edema was determined 24 h after reperfusion via
measuring brain water content by means of the standard wet/dry
weight method (Hatashita et al., 1988). Brains were removed
quickly under ice and weighted on an electronic balance to obtain
wet weight and then were placed in an oven at (100 =+ 2)°C for
24 h to get their dry weight. Brain water content percentage was
calculated according to the following formula: [(wet weight — dry
weight)/wet weight] x 100%.

Measurement of Infarct Volume

Triphenyltetrazolium chloride (TTC) staining was used to
measure the infarct volumes 24 h after reperfusion. Rats were
killed under deep anesthesia using 10% chloral hydrate and
brains were rapidly took out and cut into 2-mm thick coronal
sections using the brain matrix (Beijing Xinong BioTechnologies
Co., Ltd., China). The fresh slices were incubated away from
light in 2% 2,3,5-triphenyl-tetrazolium chloride solution at
37°C for 30 min to visualize in infarctions. Normal and
damaged tissue were stained red and white, respectively. The
brain slices were photographed with a digital camera and
the size of the infarct area (unstained) was assessed by
Image] software. The percentage of the infarct volume was
calculated according to the following formula: {[contralateral
volume — (ipsilateral volume—infarct volume)]/contralateral
volume}-100%.

Behavioral Study

Open Field

After modeling and drug treatment, the rat was first tested by
open field to assess its locomotor and exploratory activity. The
apparatus (Gray et al., 1975) was a square black box (100 cm
long x 100 cm wide x 50 cm high) and placed under dim light.

The rat was placed in the box to explore the arena freely for
30 min, and all activities were recorded using a video camera
mounted above the open field and recorded in real time. Move
time and total distance were analyzed using the motion tracking
system.

Morris Water Maze Test (MWM)

The ability of spatial learning and memory was evaluated by
Morris water maze (MWM) test (Morris, 1984). All of five
groups of rats after open field test were trained and tested in
MWM for the purpose of the spatial cognition study. The water
maze consists of a large circular pool (150 cm in diameter,
60 cm in height, filled to the depth of 45 cm with water at
22°C £ 1°C). The water is made opaque with black nontoxic
ink. The pool is divided into four equal hypothetical quadrants
and includes four points in each quadrant (North, East, South
and West), plus a hidden circular platform (10 cm in diameter)
painted black and submerged 1.5 cm beneath the surface of the
water in the southwest quadrant. The position of the platform
is unaltered throughout the training session. A digital camera
was located above the MWM to record the rats’ swimming
pathways.

Acquisition Trial

The consecutive training days were commenced from the 4th day
after the termination of the HSYA treatment described above. All
of rats were trained through four trial sessions in the afternoon
each day for five sequential days, and the southwest quadrant
was maintained as the target quadrant in all acquisition trials.
Facing against the maze wall, the rats were released into the
pool randomly in one quadrant (North, East, South or West)
for each trial without repetition. They should find the hidden
platform according to the program’s instructions. For memory
acquisition, the location of the platform remained stable and the
rats were given a maximum of 60 s to find the hidden platform.
Once a rat climbed onto the platform and remained on it for 20 s,
the trial was terminated. If the rat failed to reach the platform
within 60 s, it would be gently guided to the hidden platform
and allowed to stay on it for 20 s. The average swimming speed
was recorded and escape latency time, the time required for the
rats to climb the platform was recorded as well. After 5-day
acquisition trial, the rat was subjected to the retrieval test in the
6th day.

Retrieval Trial

Memory retention was evaluated during a probe test. On the
6th day, the platform was removed from the pool. Each rat was
placed in water maze and allowed to swim for 60 s to explore
it. Every rat was subjected to one such trial, and each trial was
started by placing the rat in the quadrant farthest from where
the platform had previously been placed. The platform crossings
and the time spent in the target quadrant for searching the
missing platform were recorded. The experimenter always stood
at the same position. Throughout the study, experimenter must
be careful not to disturb the relative location of the pool with
respect to other objects in the laboratory, which could be served
as prominent visual clues.
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Passive Avoidance Test

Passive avoidance test (PAT) which was conducted in another
batch of rats used for evaluating learning and memory (Loureiro
et al, 2012) was executed over 2 days and divided into
acquisition trial and retention trial. The apparatus for the
passive avoidance study consisted of light and dark chambers
(20 cm x 20 cm x 20 cm) with stainless steel bars (2 mm
in diameter and 1 cm in distance) on the floor, divided by a
guillotine door (5 cm x 5 cm) that separated the two chambers.
In the acquisition trial, each rat was placed in the light chamber
and the door between the two chambers would be opened
30 s later. After the rat entering the dark chamber, the door
was automatically closed, and an electrical shock (0.5 mA) was
discharged through the floor grid for 2 s. If the rat did not
enter the dark chamber within 60 s after the door opened,
it had to be put into the dark chamber, and the latency was
considered as 60 s. The retention trial was performed 24 h after
the acquisition trial, in which the rat was allowed to enter into the
dark chamber freely while the entrance time to the dark chamber
was recorded as the step-through latency (STL). However, there
was no electrical shock in the retention trial when rats entered
the dark chamber. The maximum cut off time for the STL was
300 s.

Electrophysiological Study

Preparation

After the behavioral tests, rats were anesthetized using chloral
hydrate and decapitated. The protocols were similar to those
described previously (Tang et al,, 1999; Duan et al, 2018).
Rats were anesthetized with sodium pentobarbital (40 mg/kg,
intraperitoneal) and killed by decapitation. The brain was
removed immediately. Whole brain was cut into coronal
slices (370 pm thickness) containing the hippocampus
using a vibroslicer (Vibratome 3000; Vibratome, St. Louis,
MO, USA) with cold (4°C) and oxygenated (95% O,,
5% CO,) modified artificial cerebrospinal fluid (section
ACSF) containing (in mM): choline chloride, 110; KCI,
2.5; CaClz, 0.5; MgSO4, 7; NaHCO3, 25; NaH2PO4, 1.25;
and D-(+)-glucose, 25; pH 7.4. The slices were recovered
in an incubation chamber with normal ACSF (incubation
ACSF) containing (in mM): NaCl, 119; CaCl,, 2.5; KCl, 2.5;
MgSOy, 1.3; NaHCOs3, 26.2; Na,HPOy, 1.0; and Dglucose,
11; pH 7.4, 95% O, and 5% CO, for 60 min at 31°C before
recording.

Field Potential Recording

For field potential recording, slices were transferred to a
recording chamber filled with the oxygenated incubation
ACSF, and the rate of ACSF superfusion was 0.5 mL/min.
An unipolar tungsten stimulating electrode was placed in the
stratum radiatum to activate the Schaffer-collateral pathway
projecting to CAl and the field excitatory post-synaptic
potentials (fEPSPs) were recorded using a glass microelectrode
filled with 0.1 M CH3COONa (3-5 MQ). A typical
experiment began with an input-output curve ranging from
subthreshold to maximal response. Fiber volley amplitude
was measured from peak negative voltage to baseline.

Paired-pulse facilitation (PPF) was assessed among inter-
stimulus intervals ranging from 0.02 s to 0.4 s. The PPF
was defined as the ratio of the amplitude of the second to
that of the first fEPSP amplitude elicited by pairs of stimuli
(pulse2/pulsel x 100). Synaptic responses were monitored with
stimuli consisting of constant current pulses of 0.05 ms duration
at 0.033 Hz.

After obtaining a stable baseline response for at least 15 min,
LTP was induced by theta burst stimulation (TBS; 10 bursts of
four pulses at 100 Hz separated by 200 ms). fEPSP continued to
be recorded for 60 min after TBS stimulation. Data were recorded
using a Multiclamp 700B amplifier and digitized with a Digidata
1322A (Axon Instruments, Foster City, CA, USA). The fEPSP
amplitude was used to measure the synaptic efficacy and LTP
induction was expressed as the percentage of the increase of
fEPSP amplitude compared with the average amplitude of the
baseline period. If the change of fEPSP amplitude in sham group
of rats exceeded 20%, it was defined as a successful induction
of LTP.

Statistical Analysis

All data were shown as mean + SEM. Student’s ¢-test was used for
comparison of two groups. For comparisons with multiple data
sets, one-way analysis of variance was used. For input-output
curve and PPF analysis, two-way repeated measures ANOVA
followed was used. Differences were considered statistically
significant at p < 0.05.

RESULTS
Evaluation of MCAO Model

The neurological scores, brain edema and infarct volume
were evaluated at 24 h of MCAO. The results showed that
neurological scores (Figure 1A, sham, 16.75 £ 0.16, n = &;
MCAO, 9.25 4+ 0.16, n = 8; Student’s t-test, P < 0.0001)
was significantly decreased in MCAO rats. Brain water content
(Figure 1B, sham, 16.75 % 0.16, n = 2; MCAO, 82.28 % 0.37,
n = 6; Student’s t-test, P < 0.01) was significantly increased
in MCAO rats. Moreover, MCAO rats displayed an obvious
manifestation of cerebral infarction (Figures 1C,D sham,
0.00 % 0.00, n = 2; MCAO, 9.25 & 0.16, n = 8; Student’s ¢-test,
P < 0.0001), whereas rats in the sham group did not show any
signs of cerebral injury, indicating the success of the MCAO
model.

Behavioral Experiments

Effect of HSYA on Locomotor Activity in the Open
Field

To investigate whether HSYA can improve cognitive impairment
after MCAO. We began by exploring modifications of the
spontaneous locomotor activity of the different groups of rats.
As shown in Figure 2, MCAO did not significantly affect the
spontaneous locomotion of rats, as gauged by their move time
(Figure 2A, move time: sham, 306.4 £ 95.94 s, n = 7; MCAO,
235.7 £ 138.8 s, n = 12) and distance (Figure 2B, distance:
sham, 4,483 £ 2,177 cm, n = 8; MCAOQO, 3,974 £ 2,582 cm,
n = 13) in the open field test. Moreover, after HSYA treatment,
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it also showed that HSYA no matter in which dosage (4 mg/kg,
8 mg/kg, 16 mg/kg) has no effect on the spontaneous locomotor
activity of control rats (Figures 2A,B, one-way ANOVA,
P> 0.05).

Effect of HSYA on Brain Ischemia-Induced Memory
Impairment in the Morris Water Maze Test

To determine the effects of HSYA on the rats’ spatial learning
acquisition and memory retention, MWM test was used. All
rats learned to locate the hidden platform through 5 days of
acquisition training. During this training, we found that the
average swimming speed of rats in each and every group was
similar, which suggested that every groups of rats have normal
sensory-motor function and motivation for survival (Figure 3A,

one-way ANOVA, P > 0.05). However, the escape latency of
8 mg/kg HSYA group and 16 mg/kg HSYA group significantly
decreased compared to that of MCAO group (Figure 3B, MCAO
4746 £ 6.14 s, n = 5; 8 mg/kg HSYA, 11.71 £ 3.61 s, n = 9,
one-way ANOVA, P < 00.01; 16 mg/kg HSYA, 16.27 & 5.42 s,
n = 7; one-way ANOVA, P < 0.05), but not of 4 mg/kg
HSYA group (Figure 3B, MCAO, 47.46 £ 6.14 s, n = 5;
4 mg/kg HSYA, 3552 £ 691, n = 13; one-way ANOVA,
P> 0.05).

During the retrieval trial, platform crossings and time spent
in the target quadrant were calculated for each rat to evaluate
memory retention. As shown in Figures 3E,F, the swimmers’
trajectories showed there were fewer platform region crossing
times in MCAO group compared to sham group (Figure 3C,
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crossing times: MCAO, 0.60 £ 0.24, n = 5; sham, 3.83 £ 0.40,
n = 6; one-way ANOVA, P < 0.001). After HSYA treatment,
8 mg/kg HSYA group and 16 mg/kg HSYA group produced a
significant increase in the retention phase, measured as platform
crossings (Figure 3C, MCAO, 0.60 £ 0.55, n = 5; 8 mg/kg HSYA,
3.89+0.45,n=9; P < 0.001; 16 mg/kg HSYA, 3.57 £ 0.57, n=7;
P < 0.001), but there was no difference between 4 mg/kg HSYA
group and MCAO group (Figure 3C, MCAO, 0.60 &= 0.55, n = 5;
4 mg/kg HSYA, 1.25 £ 0.97, n = 12; one-way ANOVA, P > 0.05).
In addition, we found that with the increasing dose of HSYA,
rats spent more time in the target quadrant. Target quadrant
time in 8 mg/kg HSYA group and 16 mg/kg HSYA group was
significant increased compared with that in MCAO group, and
even reached values observed in the sham group (Figure 3D,
MCAO, 15.13 + 1.91 s, n = 4; 8 mg/kg HSYA, 27.86 + 2.94 s,
n = 7, one-way ANOVA, P < 0.05; MCAO, 15.13 £ 191 s,
n = 4; 16 mg/kg HSYA, 28.89 + 3.46 s, n = 6; one-way
ANOVA, P < 0.05). There was still no difference between

4 mg/kg HSYA and MCAO group in time spent in the target
quadrant (Figure 3D, MCAO, 15.13 & 191 s, n = 4; 4 mg/kg
HSYA, 22.58 £ 3.75, n = 12; one-way ANOVA, P > 0.05).
These results suggest that 8 mg/kg HSYA group and 16 mg/kg
HSYA can improve the reference memory after brain ischemic

injury.

Effect of HSYA on Brain Ischemia-Induced Memory
Impairment in the Passive Avoidance Test

To further investigate whether HSYA can improve the cognitive
dysfunction after MCAO, passive avoidance task was used.
We found that STL significantly declined in MCAO group
compared with sham group (Figure 4, MCAO, 34.30 4= 17.90 s,
n = 3; sham, 327.90 £ 27.79 s, n = 6; one-way ANOVA,
P < 0.001), and 8 mg/kg HSYA group and 16 mg/kg HSYA
group produced a significant increase of STL in comparison
with MCAO group (Figure 4, MCAO, 3430 £ 17.90 s,
n = 3; 8 mg/kg HSYA, 189.80 + 20.73 5, n = 8; one-way
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FIGURE 4 | Neuroprotective effects of HSYA on passive avoidance test (PAT).
The values are shown as means + SEM. Significant difference between
MCAQ group vs. 8 mg/kg HSYA (**P < 0.01) and 16 mg/kg HSYA groups
(***P < 0.001), 4 mg/kg HSYA vs. 8 mg/kg HSYA (***P < 0.001) and

16 mg/kg HSYA groups (***P < 0.001) in latency.

ANOVA, P < 001; 16 mg/kg HSYA, 250.00 + 3648 s,
n = 6; one-way ANOVA, P < 0.001), but not 4 mg/kg HSYA
group (Figure 4, MCAO, 34.30 &+ 17.90 s, n = 3; 4 mg/kg
HSYA, 47.09 £ 13.74 s, n = 14; one-way ANOVA, P > 0.05).
These data indicate that 8 mg/kg HSYA group and 16 mg/kg
HSYA can improve the fear memory after brain ischemic
injury.

Taken together, the results of behavioral experiments
demonstrated that HSYA treatment in a certain concentration
can improve cognitive impairment in MCAO rats. Since the
effects of 8 mg/kg HSYA treatment were close to that of
16 mg/kg HSYA treatment, in the following electrophysiological
experiments, we selected 8 mg/kg HSYA as an optimal
dose to investigate the effects of HSYA on synaptic
plasticity.

Electrophysiological Experiments

HSYA Has No Effect on Basal Synaptic Transmission

After Brain Ischemic Insult

The cognitive facilitation exhibited by HSYA prompted us to
investigate how HSYA facilitates the learning and memory after
brain ischemic injury. Given that synaptic plasticity is one of the
important cellular foundations of learning and memory, we first
examined the basal excitatory synaptic transmission in Schaffer
collaterals-CA1 synapse of hippocampus by in vitro fEPSP
recording. However, no significant difference was observed in
input-output curves (Figure 5A: two-way repeated-measures
ANOVA, no significant effect of MCAO, p > 0.05) and PPF
(Figure 5B: two-way repeated-measures ANOVA, no significant
effect of MCAO, p > 0.05) between sham and MCAOQO group
of rats. In addition, after 8 mg/kg HSYA treatment, there was
also no significant difference was observed in input-output
curves (Figure 5A: two-way repeated-measures ANOVA, no
significant effect of HSYA, p > 0.05) and PPF (Figure 5B:
two-way repeated-measures ANOVA, no significant effect of
HSYA, p > 0.05) between HSYA treatment and MCAO
group of rats. These results suggest that HSYA have no
effect on the basal synaptic transmission after brain ischemic

injury.

HSYA Rescues Long Term Plasticity Impairment
Induced by MCAO Model

We then investigated whether synaptic plasticity in the
hippocampus was improved by HSYA treatment after brain
ischemic injury. As shown in Figure 6, we compared Schaffer
collateral-CA1 LTP induced by TBS among the sham, MCAO
and HSYA treatment groups. Forty-five minutes after the
TBS, a significant reduction of LTP was found in the
MCAO group compared to sham group (Figures 6A,B, sham,
153.89 £ 12.02%, n = 6; MCAO, 111.7 £ 4.86%, n = 9;
Student’s t-test, P < 0.01). After 8 mg/kg HSYA treatment,
the LTP was significantly improved in the HSYA treatment
group compared to that in the MCAO group (Figures 6A,B,
8 mg/kg HSYA, 142.28 £ 5.00%, n = 6; MCAO, 111.7 =+ 4.86%,
n = 9; Student’s t-test, P < 0.01); and, there was no
statistically difference of LTP between sham group and HSYA
treatment group (Figures 6A,B, sham, 153.89 =+ 12.02%,
n = 6; 8 mg/kg HSYA, 142.28 £ 5.00%, n = 6; Student’s
t-test, P > 0.05). These data suggest 8 mg/kg HSYA can
significantly improve the synaptic plasticity after brain ischemic

injury.
DISCUSSION

Post-stroke cognitive dysfunction is one of the major
consequences after stroke and chronic cerebral hypoperfusion
can induce vascular cognitive impairment (Back et al., 2017).
Currently, thrombolytic drug therapy is used for treating acute
ischemic stroke, but the curative effect is limited (Heuschmann
et al,, 2004). HSYA is a major active component of safflower,
which is described as being able to improve the circulation of
blood for cerebrovascular and cardiovascular disease. MCAO in
rodents is a well-known model of cerebral ischemia in humans
to evaluate the progression of impaired spatial learning and
memory performance after ischemic stroke (Li et al., 2013). In
the present study, we firstly verified the applicability and stability
of MCAO model for pharmacological study by assessment
of neurological deficits, measurement of brain water content
and infarct volume. Then, using this MCAO model, we found
that HSYA has the capacity to protect cognitive function
and synaptic plasticity against cerebral ischemia-reperfusion
injury.

To study whether MCAO model induces cognitive
impairment as reported and HSYA has a protective effect on
cognitive impairment induced by cerebral ischemia reperfusion,
we first carried out a serious behavioral experiment. Using the
open field test, we found brain ischemia induced by MCAO did
not influence spontaneous locomotor activities on the rats which
was consistent with previous study (Chang et al., 2016; Zhang
et al,, 2017). However, Katsuta et al. (2003) showed that global
ischemia induced in gerbils produced a significant increase
in locomotor activity and administration of neuroprotective
agents ameliorated locomotor hyperactivity. Carmo et al. (2014)
showed that mice subject to pMCAO displayed a lower rearing
activity. The inconsistency may be due to the difference in model
animals, drug intervention and condition of experiment. In
addition, in our present study, doses of HSYA were selected
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based upon pilot study conducted in our laboratory and from
available literature which showed it has neuroprotective effects
(Bliss and Collingridge, 1993; Meselhy et al., 1993; Ramagiri
and Taliyan, 2016). In the open field test, HSYA treatment
after MCAO, no matter in which dose (4 mg/kg, 8 mg/kg and
16 mg/kg), did not affect spontaneous locomotor activities on
rats.

MWM is one of the classic behavioral test to study spatial
learning and memory (Loureiro et al., 2012). The acquisition
of spatial memory was reflected through rats’ performance in
training trial while the retrieval of spatial memory was reflected
through test trial. Using MWM task, we found MCAO rats have
normal swimming speed, but the spatial learning and memory
was significantly impaired, which was consistent with previous
study (Wei et al,, 2018). After HSYA treatment, we found that
both 8 mg/kg and 16 mg/kg HSYA treatment could significantly
reduce the escape latency during acquisition trial, and increase
platform crossings and target quadrant time during retrieval
trial on MCAO rats, but not 4 mg/kg HSYA treatment. In
addition, there was no significant difference between 8 mg/kg
and 16 mg/kg HSYA on protection of spatial learning and
memory impairment after MCAO. All of these results suggest

that HSYA in a certain concentration can improve the impaired
spatial learning and memory after brain ischemia.

Passive avoidance is a behavioral test to study fear learning
and memory. Using this PAT, we found that the fear learning
and memory was significantly impaired on MCAO rats, which
was in agreement with previous study (Yang et al., 2015). After
HSYA treatment, we found that both 8 mg/kg and 16 mg/kg
HSYA treatment could significantly prolong the latency into the
dark box on MCAO rats, but not 4 mg/kg HSYA treatment. In
addition, there was no significant difference between 8 mg/kg
and 16 mg/kg HSYA on protection of fear learning and memory
impairment after MCAO. All of these results suggest that HSYA
in a certain concentration can improve the impaired fear learning
and memory after brain ischemia.

Through behavioral experiments, we found HSYA in a
certain concentration improved cognitive function in MCAO
rats. The cognitive improvement exhibited by HSYA treatment
prompted us to further investigate the mechanism underlying
the improvement by HSYA treatment in MCAO rats. Given that
synaptic plasticity is one of the important cellular foundations
of learning and memory (Esmaeili Tazangi et al., 2015), we
first examined the basal excitatory synaptic transmission in
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hippocampus CA3-CA1 pathway by in vitro fEPSP recording.
No distinguishable difference was observed between MCAO
and sham groups in input-output curves and PPF, suggesting
that basal synaptic transmission was unchanged after brain
ischemic insult. After HSYA treatment, whether basal synaptic
transmission in MCAO rats was effected by HSYA, we found
that 8 mg/kg of HSYA which could recover the cognitive
impairment after MCAO has no effect on both input-output
curves and PPF in MCAO rats. Impairment of synaptic plasticity
has been thought of as the mechanism underlying cognitive
impairment after stroke (Feng et al., 2013; Christophe et al,
2017). Moreover, the level of long-term potentiation induction
is a well-known useful synaptic marker for studying learning
and memory ability and is regarded as a basis of information
storage (Morris, 1984; Lynch, 2004; Esmaeili Tazangi et al,
2015). Through inducing LTP in hippocampal CA1 region by
TBS, we found that LTP at hippocampus was significantly
impaired in MCAO group of rats, which was consistent with
previous reports (Li et al., 2013; Nazari et al., 2016). It has been
reported that HSYA has no effect on hippocampal LTP in sham
group of rats (Zhang et al., 2014; Xing et al,, 2016). In our
present work, after HSYA treatment, we found that 8 mg/kg
HSYA treatment could significantly improve the impaired LTP
in MCAO rats, and the LTP amplitude almost reached values
observed in the control group. Taken together, it suggests that
HSYA treatment can recover the synaptic plasticity impairment
after MCAO.

It’s known that PPF is an indirect index for measurement
of Glutamate release from pre-synaptic terminals (Dobrunz and
Stevens, 1997). In our present study, no change was found in
the PPF after HSYA treatment, suggesting that HSYA may have
no effect on Glutamate release from pre-synaptic terminals.
Together with the no changed input-output curves after HSYA
treatment, it suggested that both the pre-synaptic transmitter
release and the post-synaptic AMPA receptors function were
normal after HSYA treatment on MCAO rats. How does LTP
impair in MCAO rats, and how HSYA treatment improves this
impaired LTP? Using in vitro field potential recording, we found
that LTP at hippocampus was impaired in MCAO group of
rats, which was consistent with previous reports (Li et al., 2013;
Nazari et al., 2016). After 8 mg/kg HSYA treatment, the impaired
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LTP was improved in MCAO rats, and the LTP amplitude even
reached values observed in the control group, suggesting that
HSYA treatment can recover the impaired synaptic plasticity
after MCAO. It has been reported that HSYA can enhance
the endogenous expression of BDNF and GIuN2B (Xing et al.,
2016), VEGF and NRI1 (Zhang et al., 2014). It's well known
that all of these three proteins have important role in synaptic
plasticity and learning and memory. Therefore, future work
will be done to further investigate these protein expressions
that related tightly with synaptic plasticity and learning and
memory after HSYA treatment. In addition, most recently,
LTD was found to couple with synaptic deficits upon aging
and AD (Temido-Ferreira et al., 2018). Whether the LTD is
also effected by MCAO, we need to detect it in our future
work too.

CONCLUSION

In summary, we found that MCAO model of brain ischemia
induced cognitive impairment and injection with a certain
concentration of HSYA into the CCA promoted learning and
memory after MCAO. One of the underlying mechanisms of
HSYA’s neuroprotective effect is about its capacity of recovery on
synaptic plasticity impairment. Thus, our findings of the present
study demonstrated that HSYA treatment may be a promising
alternative to protect cognitive and synaptic function against
brain ischemic injury.
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