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Herpes simplex encephalitis (HSE) caused by herpes simplex virus 1 (HSV-1) infection
can lead to a high mortality rate and severe neurological sequelae. The destruction
of the blood-brain barrier (BBB) is an important pathological mechanism for the
development of HSE. However, the specific mechanism underlying the BBB destruction
remains unclear. Our previous study found that the Golgi apparatus (GA) plays a
crucial role in maintaining the integrity of the BBB. Therefore, this present study aimed
to investigate the role of the GA in the destruction of the BBB and its underlying
mechanisms. Mouse brain endothelial cells (Bend.3) were cultured to establish a
BBB model in vitro, and then infected with HSV-1. The results showed that HSV-1
infection caused downregulation of the Golgi-associated protein GM130, accompanied
by Golgi fragmentation, cell apoptosis, and downregulation of tight junction proteins
occludin and claudin 5. Knockdown of GM130 with small interfering RNA in uninfected
Bend.3 cells triggered Golgi fragmentation, apoptosis, and downregulation of occludin
and claudin 5. However, overexpression of GM130 in HSV-1 infected Bend.3 cells by
transient transfection partially attenuated the aforementioned damage caused by HSV-1
infection. When the pan-caspase inhibitor Z-VAD-fmk was used after HSV-1 infection
to inhibit apoptosis, the protein levels of GM130, occludin and claudin 5 were partially
restored. Taken together, these observations indicate that HSV-1 infection of Bend.3 cells
triggers a GM130-mediated Golgi stress response that is involved in apoptosis, which
in turn results in downregulation of occludin and claudin 5 protein levels. Meanwhile,
GM130 downregulation is partially due to apoptosis triggered by HSV-1 infection. Our
findings reveal an association between the GA and the BBB during HSV-1 infection and
identify potentially novel targets for protecting the BBB and therapeutic approaches for
patients with HSE.

Keywords: herpes simplex virus 1, herpes simplex encephalitis, blood-brain barrier, golgi apparatus, GM130, golgi
stress, apoptosis

Abbreviations: BBB, blood-brain barrier; GA, Golgi apparatus; HSE, Herpes simplex encephalitis; HSV-1, herpes simplex
virus type 1; TEER, transendothelial electrical resistance.
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INTRODUCTION

Herpes simplex encephalitis (HSE) is the most common sporadic
acute encephalitis worldwide that is often caused by herpes
simplex virus type 1 (HSV-1), a ubiquitous, neurotropic, DNA
enveloped virus (Whitley and Gnann, 2007; Granerod et al.,
2010). Following the primary infection of mucosal or skin
epithelium, HSV-1 will establish and maintain a life-long latency
in the olfactory bulb, trigeminal ganglia, and other tissues. When
the body’s immunity declines, the latent HSV-1 is reactivated and
enters the central nervous system (CNS) via retrograde axonal
transport, leading to the occurrence of HSE (Shivkumar et al.,
2013; Tsalenchuck et al., 2014).

It is generally believed that HSV-1 causes brain damage
in two ways. First, the virus activates the intracranial
immunoinflammatory reaction, leading to immunopathological
damage of brain tissue. Second, viral replication and its
toxic products cause neuron and glia apoptosis (DeBiasi
et al., 2002; Marques et al., 2006). In addition, Liu et al.
(2019a,b) suggested that the destruction of the blood-brain
barrier (BBB) is an important pathological mechanism for
the development of HSE. After HSV-1 infection, chemokine
receptors, leukocyte adhesion proteins, matrix metalloproteins,
and inflammatory markers are significantly up-regulated, and
the integrity of the BBB is affected (Pasieka et al., 2011). The
permeability of the damaged BBB increases (Buursma et al.,
2005), which results in the formation of brain edema, the
influx of leukocytes, and the entry of various neurotoxic agents
into the brain parenchyma to aggravate brain tissue injury
(Keep et al., 2008; Moretti et al., 2015). However, the specific
mechanism underlying the BBB damage during HSV-1 infection
remains unclear.

The BBB is a physical border that separates the circulating
blood from the brain and is formed by brain microvascular
endothelial cells, endothelial cell-to-cell tight junction proteins,
astrocytes, pericytes, and the basement membrane (Zhao et al.,
2015). As a protective barrier for the CNS, the structural integrity
and function of the BBB are crucial for the maintenance of
CNS homeostasis (Abbott et al., 2010). In various neurological
diseases, the BBB protects the CNS from toxins, pathogens, and
inflammatory cytokines to a certain extent (Spindler and Hsu,
2012; Daneman and Prat, 2015). Tight junction proteins are
important components of the BBB and they include claudin 5 and
occludin.Many studies have found that changes in the expression
levels and configuration of claudin 5 and occludin can directly
affect the function of the BBB (Zlokovic, 2008; Chen et al., 2014;
Chang et al., 2015). Nevertheless, there is still a lack of relevant
studies that have investigated the effects of HSE on the expression
and configuration of claudin 5 and occludin.

The Golgi apparatus (GA) is a crucial cytoplasmic organelle
that acts not only as a key trafficking and sorting station and
vital biosynthetic center for glycoproteins and lipids but also as
an active signaling hub (Jiang et al., 2011; Zappa et al., 2018).
Similar to the endoplasmic reticulum and mitochondria, the GA
can initiate the signal transduction pathway by regulating the
transcription of its own genes or membrane transport factors
during oxidative stress to adjust its structure and function

to adapt to stress; this process is called the Golgi stress
response. When the Golgi stress is too intense, apoptosis is
triggered (Li et al., 2016; Ignashkova et al., 2017). GM130 is
a peripheral membrane protein strongly attached to the Golgi
membrane and involved in the control of glycosylation, cell
cycle progression, and higher-order cell functions such as cell
polarization and directed cell migration. It is noteworthy that
GM130 plays an important role in maintaining the Golgi
structure (Nakamura, 2010). In addition, GM130 can regulate
the configuration of F-actin, which is important for maintaining
endothelial cell morphology and barrier function (Peng et al.,
2011; Wang et al., 2015). Consistent with these observations,
we previously found that the GA structure and function are
closely related to the structure and function of the BBB (Deng
et al., 2018). Interestingly, studies have shown that in the
process of HSV-1 neuronal infection, fragmentation of the GA
also occurred (Martin et al., 2017). However, the potentially
deleterious effects that structural and functional changes of the
GA may have on the BBB during HSV-1 infection have not
been evaluated.

Many reports have demonstrated that viral infections can
trigger apoptosis, a programmed cell death that plays an
important role in viral pathogenesis and host antiviral response
(Zhou et al., 2017). DeBiasi et al. (2002) found apoptotic neurons
and glia in brain tissue sections of patients with acute HSE,
indicating that HSV-1 infection can directly cause apoptosis
of the BBB components. In addition, cleaved-caspase 3 is
normally activated during HSV-1-triggered apoptosis (DeBiasi
et al., 2002). Cleaved-caspase 3 is a vital effector caspase during
the apoptotic process that chiefly cleaves cellular substrates
important for maintaining the structural and biochemical
integrity of the cell (Nguyen and Blaho, 2007). Bojarski et al.
(2004) found that cleaved-caspase 3 can cleave occludin during
apoptosis, resulting in the downregulation of occluding. These
observations suggest that it is worth exploring the relationship
between the GA, apoptosis, and the BBB during HSV-1 infection.
The aim of the present study was to investigate the specific
mechanism by which HSV-1 disrupts the BBB and whether Golgi
stress plays a role in this process.

MATERIALS AND METHODS

Biosafety Methodology
Our laboratories are equipped with biosafety equipment and
containment barriers recommended by the World Health
Organization (WHO) for type II risk organisms. HSV-1
propagation and infection experiments were carried out in the
level 2 biosafety chamber provided by the Wuhan Institute
of Virology. Moreover, we followed the necessary procedures
for the disposal of biological elements and chemical reagents,
according to the Biosafety Regulations from the Chinese
Academy of Sciences.

Cells and Cell Culture
Mouse brain endothelial cells (Bend.3) were purchased from
Shanghai Zhong Qiao Xin Zhou Biotechnology company
(ZQ-0090). African green monkey kidney cells (Vero) were
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purchased from ATCC (CRL-1586). These cells were cultured in
Dulbecco’s modified Eagle medium (DMEM; Life Technologies;
catalog number 12900017) supplemented with 10% fetal bovine
serum (FBS; Life Technologies; catalog number 10099-141) and
penicillin-streptomycin (100 U/ml and 100 µg/ml, respectively;
Life Technologies; catalog number 15140122) at 37◦C in a moist
atmosphere containing 5% CO2.

Viruses and Infections
A recombinant HSV-1 H129 stain created in the Luo laboratory
in which the UL22-UL23 region was replaced by green
fluorescent protein (GFP) regulated by the SV40 promoter was
used in this study. HSV-1 was propagated and titrated using
Vero cells as described previously (Zeng et al., 2017). Cells were
synchronized by serum starvation prior to infection and then
infected with HSV-1 for 2 h in DMEM containing 10% FBS, at
a multiplicity of infection (MOI) of 3. Following infection, the
medium was removed and replaced with fresh DMEM. Infected
cells were collected at specific times as indicated in the figures.
For inhibiting HSV-1-triggered apoptosis in Bend.3 cells, the
cells were incubated with the pan-caspase inhibitor Z-VAD-fmk
(100 µM; Selleck, USA) at 12 hours post-infection (hpi) and
maintained during HSV-1 infection.

Quantitation of Virus Replication
Bend.3 cells were seeded on 6-well (4× 105 cells/well) plates and
then infected with HSV-1 H129-G4 at an MOI of 3. After 2 h of
incubation, the medium was removed, the cells were rinsed with
phosphate-buffered saline (PBS), and fresh DMEM was added.
Supernatant samples were harvested at the indicated times and
stored at −80◦C until they were assayed. Infectious virus titers
were identified by a plaque formation assay. Briefly, Vero cells
were seeded into 24-well plates at a density of 2 × 106 cells
per plate. On the following day, the cells were infected with 200
µl of the supernatant sample after 10-fold serial dilution. After
adsorption for 3 h, DMEMwith a 0.5% agarose overlay was added
to each well. Plaques were counted at 2–3 dpi, and an average titer
was determined from three independent experiments.

RNAi-Mediated GM130 Silencing
Cells were seeded 18–24 h prior to transfection to allow
the monolayer cell density to reach 70–80% confluency at
the time of transfection. Cells were transfected with small
interfering RNA (siRNA; siCtrl, GenePharma), GM130 siRNA
duplex 01 (siGM130-1, GenePharma) or GM130siRNA duplex
02 (siGM130-2, GenePharma). Transfection was performed
with PepMute (SignaGen) according to the manufacturer’s
instructions. Cells were harvested for lysate preparation or
immunofluorescence 72 h after transfection.

Cell Viability
Cell viability was detected by the 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) assay (Sigma-Aldrich)
according to the manufacturer’s instructions. Briefly, the cells
were seeded at 5 × 103 cells/well in 96-well plates. On the
following day, the cells were transfected with siCtrl, siGM130-
1, or siGM130-2 and incubated for 72 h. The medium was then
replaced with DMEM containing 0.5%MTT without phenol red.

After incubation for 4 h at 37◦C, the medium was discarded and
replaced with 150 µl dimethyl sulfoxide (DMSO). The plate was
shaken gently and the absorbance at 570 nm was measured with
an Epoch microplate spectrophotometer (BioTek Instruments,
Winooski, VT, USA).

Plasmid Construction and Transfection
The mouse GM130-coding sequence was PCR amplified from
cDNA prepared by reverse transcription (RT) of RNA extracted
from Bend.3 cells and then cloned into the pcDNA3.1(+) plasmid
to produce the GM130 expression construct pcDNA3.1-GM130.
The GM130 PCR primers were as follows: 5′-ccaagctggctagc
gctagcATGTGGCCCCCCCGCTTCCC-3′ and 5′-gtttaaacgggc
cctctagaTTATACAACCATGATCTTCA-3′. Uppercase letters
represent sequences that match the template. Seamless clone was
conducted by ClonExpress II One Step Cloning Kit (Vazyme,
C112) with the manufacturer’s instructions. Transfections
were carried out using Lipofectamine 3000 (Invitrogen;
catalog number: L3000150) according to the manufacturer’s
instructions. At 12 h post-transfection, Bend.3 cells were infected
with HSV-1 for 36 h.

Quantitative Reverse Transcription-PCR
(qRT-PCR)
Bend.3 cells were cultured, infected at anMOI of 3, and harvested
at the indicated times post-infection. A total of 1× 106 cells were
used to obtain total RNA using the RNAiso Plus reagent (Takara;
catalog number 9109), and residual DNAwas removed with 10 U
of recombinant DNase I (Takara; catalog number 2270A). One
microgram of each RNA sample was reverse transcribed using
RevertAid H Minus first-strand cDNA synthesis kit (Fermentas;
catalog number K1631) with random primers. RT reaction
products were quantified by a real-time thermocycler (Bio-
Rad; Connect) with the iQ SYBR Green Supermix (Bio-Rad)
in a 20 µl reaction mixture for 40 PCR cycles as described
previously (Fu et al., 2015; Li et al., 2015; Yang et al., 2018).
The PCR primers were as follows: GM130: 5′-ACGCAGAGAA
CCTGAAAGGA-3′ and 5′-GCCTCCAGCTCTTGTACCTG-3′

Claudin 5: 5′-GGCACTCTTTGTTACCTTGA-3′ and 5′-GGCA
TAAAGCGCTCCTCCCG-3′ Occludin: 5′-TACTGGTCTCTA
CGTGGATCAAT-3′ and 5′-TTCTTCGGGTTTTCACAGCAA-
3′ GAPDH: 5′-TGGCCTTCCGTGTTCCTAC-3′ and 5′-GAGT
TGCTGTTGAAGTCGCA-3′

Immunoblotting
For protein analysis, cells were harvested and lysed in RIPA
buffer (Beyotime; catalog number P0013) supplemented with
protease inhibitor cocktail (Roche; catalog number 04693159001)
and the protein concentration was determined by the Bradford
assay (Bio-Rad; catalog number 500-0205). Equal amounts
of protein were loaded and separated by SDS-PAGE and
transferred to polyvinylidene difluoride membranes (Millipore;
catalog number ISEQ00010), which were then probed with
antibodies as previously described (Yang et al., 2018). Primary
antibodies used included anti-GM130 (BD Biosciences Cat#
610822 Lot# RRID:AB_398141), anti-P115 (Proteintech Cat#
13509-1-AP Lot# RRID:AB_2257094), anti-cleaved caspase-3
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(Cell Signaling Technology Cat# 9661 Lot# RRID:AB_2341188),
anti-claudin 5 (Thermo Fisher Scientific Cat# 34-1600 Lot#
RRID:AB_2533157), anti-occludin (Thermo Fisher Scientific
Cat# 33-1500 Lot# RRID:AB_2533101), and anti-GAPDH
(Proteintech Cat# 10494-1-AP Lot# RRID:AB_2263076).
Secondary antibodies used were horseradish peroxidase-
conjugated goat anti-mouse IgG (Jackson ImmunoResearch
Labs Cat# 115-035-003 Lot# RRID: AB_10015289) and donkey
anti-rabbit IgG (Jackson ImmunoResearch Labs Cat# 111-
035-003 Lot# RRID: AB_2313567). The bands were detected
using SuperSignal West Femto chemiluminescent substrate
(Life Technologies; catalog number 34095) and the FluorChem
HD2 system (Alpha Innotech). The resulting images were
analyzed by densitometry using ImageJ software (National
Institutes of Health).

Immunofluorescence Analysis
Non-infected Bend.3 (Mock) and HSV-1 infected Bend.3 cells
[treated or untreated with pan-caspase inhibitor Z-VAD-fmk
(Selleck; S7023)] were fixed in 4% paraformaldehyde for
30 min and washed in 1× PBS. The cells were then incubated
with primary antibodies against GM130 (BD Biosciences
Cat# 610822 Lot# RRID:AB_398141), P115 (Proteintech Cat#
13509-1-AP Lot# RRID:AB_2257094), cleaved caspase 3 (Cell
Signaling Technology Cat# 9661 Lot# RRID:AB_2341188),
and claudin 5 (Thermo Fisher Scientific Cat# 34-1600 Lot#
RRID:AB_2533157) overnight at 4◦C. Subsequently, the cells
were incubated with Alexa Fluor 488-conjugated (Molecular
Probes Cat# A-21202 also A21202 Lot# RRID: AB_141607),
Alexa Fluor 594-conjugated (Molecular Probes Cat# A-21207
also A21207 Lot# RRID: AB_141637), and Alexa Fluor 647-
conjugated (Molecular Probes Cat# A-21240 also A21240 Lot#
RRID: AB_141658) secondary antibodies. Nuclei were stained
with DAPI (4,6-diamidino-2-phenylindole; catalog number
D9542; Sigma-Aldrich). Fluorescence images were acquired
using an UltraVIEW VoX spinning disk laser confocal scanning
microscope (PerkinElmer). At least five microscopic fields
of each sample were captured. We defined the maximum
distance between the Golgi marker (GM130) and the nucleus
as a parameter of GA dispersion. Immunofluorescence images
(30 cells for each condition) acquired from mock-infected or
HSV-1 infected Bend.3 cells in the absence or presence of Z-
VAD-fmk were analyzed in each condition. Each image was
calibrated (pixels/µm) with ImageJ software (National Institutes
of Health).

Transmission Electron Microscopy
Cells were infected with HSV-1 (MOI = 3) and harvested at the
times post-infection as indicated in the figures. Cells were fixed
for 1 h at 25◦ in 2.5% glutaraldehyde and then incubated with 1%
osmium tetroxide (OsO4), dehydrated in a gradient of ethanol
(30–100%) and embedded with an Embed 812 kit (Electron
Microscopy Sciences, Fort Washington, PA, USA). Ultrathin
sections (60–80 nm) were obtained, mounted on copper grids
(200 mesh), and stained with 2% (wt/vol) phosphotungstic acid
(PTA; pH 6.8). Observations of the grids were made using
a Tecnai transmission electron microscope (FEI) operated at
200 kV. Additionally, in order to reflect the extent of GA

damage, we measured the Golgi cisternae lumen width (µm) in
mock- and HSV-1-infected cells transfected with pcDNA3.1 or
pcDNA3.1-GM130. We quantified the maximum length of
GA cisternae (designated as maximum luminal width) by
measuring the cisternae diameters assuming circular structures.
Thirty cells for each condition and 3–5 GA cisternae for each
cell were analyzed by electron microscopy. Each image was
measured with ImageJ software (National Institutes of Health;
Martin et al., 2017).

Measurement of Apoptosis
Quantitation of apoptotic cells under HSV-1 infection was
obtained using the Annexin V-FITC detection kit (Beyotime)
according to the manufacturer’s protocol. Briefly, Bend.3 cells
were collected and resuspended with 195 µl Annexin
V-FITC Binding Buffer. Next, 5 µl Annexin V-FITC and
10 µl propidium iodide were added to each group and the
cells were incubated at 25◦ for 10–20 min in dark. The
percentage of apoptotic cells was detected using a flow
cytometer (BD Biosciences). FlowJo software was used for
flow cytometry analysis.

Measurement of Transendothelial Electrical
Resistance (TEER)
Endothelial permeability can be assessed by measuring TEER
using a Millicell ERS Voltohmmeter (Millipore, Billerica, MA,
USA). The TEER of Bend.3 monolayers were obtained by
subtracting the resistance of cell-free inserts and multiplying the
resulting value by the membrane surface area of inserts. The
values were expressed as Ω•cm2.

Statistical Analysis
All the data are representative of at least three independent
experiments and expressed as mean ± SD. The results
were analyzed by the Student’s t-test for comparison of two
experimental groups at one time-point, and p < 0.05 was
considered statistically significant. Two-way ANOVA was used
for the comparison of two experimental groups at multiple time
points, and p < 0.05 was considered statistically significant.
The bar graphs were generated with GraphPad Prism software
package (version 5.01; IBM).

RESULTS

HSV-1 Infection Downregulates GM130,
Disrupts the GA, and Induces Apoptosis
Since the GA is a significant organelle for both the host and
the virus, we wanted to investigate whether brain microvascular
endothelial cells infected by HSV-1 could trigger changes in the
GA. At first, the replication and propagation properties of the
recombinant HSV-1 129 strain in Bend.3 cells were determined
by the one-step growth curve. The result showed that the viral
titer reached a peak at 48 hpi with a maximum titer of 9 × 105

PFU/ml, and then the viral load showed a gradual decrease
(Figure 1A).

As an important structural protein of the GA,
GM130 maintains the structure of the GA with P115,
Giantin, GRASP65, Rab GTPase, and other Golgi-related
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FIGURE 1 | Herpes simplex virus-1 (HSV)-1 infection downregulates GM130 and induces apoptosis in Bend.3 cells. (A) Growth kinetics of HSV-1 infection in
Bend.3 cells. Bend.3 cells were infected with HSV-1 at an multiplicity of infection (MOI) of 3. Supernatant samples were collected at the indicated times
post-infection. Viral titer was measured with a plaque formation assay in triplicate. Bend.3 cells were either mock-infected (M) or infected with HSV-1 (V) at an MOI of
3 and harvested at the times indicated (in hours). (B) GM130 and cleaved-caspase 3 protein levels were detected by immunoblotting at the times indicated and are
expressed as fold changes relative to mock-infected cells after normalization to GAPDH levels at each time point. GAPDH is a loading control. Representative images
are shown from three independent experiments. Quantification of (B) is shown in (C). (D) The mRNA levels of GM130 were downregulated in HSV-1-infected cells.
GM130 mRNA levels were analyzed by qRT-PCR and are normalized to the levels in mock-infected cells to provide fold changes after normalization to GAPDH levels.
GAPDH serves as an internal control. (E) The extent of apoptosis in Bend.3 cells induced by HSV-1 infection. Apoptotic cells were detected by Annexin-V binding
and PI staining. Each experiment was performed independently three times. Data are presented as mean ± SD and were analyzed by the Student’s t-test;
∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001.

proteins. Previous studies have demonstrated that GM130 can
regulate the integrity of the GA, hence we assessed whether
GM130 expression is altered during infection of endothelial
cells. As shown in Figures 1B–D, after 24 h of infection, both
the protein and mRNA levels of GM130 began to decrease
(p < 0.05). As the infection progressed, the protein and

mRNA levels of GM130 continued to decrease. All original
images of immunoblotting in the article can be found in the
Supplementary Datasheet 1.

As shown in Figure 2A, infected cells were identified by
the detection of GFP and detected 24 h after infection. We
observed the structural changes of GA by immunofluorescence
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analysis and electron microscopy. Figure 2A shows that as
the infection time increased, the GA pattern indicated by
GM130 immunofluorescence in infected cells was gradually
altered in comparison to mock-infected cells. After infection,
the GM130 exhibited a dispersed and fragmented distribution
throughout the cytoplasm, unlike the mock-infected cells where
it accumulated in the perinuclear in a crescent-shaped pattern.

We also observed the alteration in the ultrastructure of the
GA by transmission electron microscopy during the course of
HSV-1 infection. We first observed at a magnification of 2,500×
and then increased the magnification of the area of interest
to 5,000×. As shown in Figure 2B, the GA is initially highly
ordered, appearing as ribbon-like stacks in a vesicular structure.
The GA begins to swell at 24 h hpi, shows a large bubble shape at
48 hpi, and finally, some fragments are visible. The timing of the
Golgi disruption as shown by immunofluorescence and electron
microscopy was consistent with that of the GM130 alteration,
revealing a correlation between GM130 and GA fragmentation
upon HSV-1 infection.

Cells infected with the virus will die in many ways, with
apoptosis being the most common. To determine whether
the cells were apoptotic, we performed flow cytometry and
immunoblot analyses. The flow cytometry results showed no
difference in the apoptosis rate between the infected and control
groups at 12 hpi (Figure 1E). However, the apoptosis rates began
to differ significantly at 24 hpi. As the infection time increased,
the apoptosis rate gradually increased, reaching 49.2% at
48 hpi. Cleaved-caspase 3 levels increased after HSV-1 infection
(Figures 1B,C), and was distributed throughout the cytoplasm
in infected cells (Figure 2A). These results indicate that HSV-1
infection triggers apoptosis, thereby activating cleaved-caspase 3,
a downstream effector caspase.

HSV-1 Infection Disrupts Endothelial Cell
Barrier Structure and Function
Previous experiments have shown that cleaved-caspase
3 contributes to claudin 5 and zonula occludens-1 tight
junction disruption in rapid anoxic neurovascular unit damage
(Zehendner et al., 2011). In the present study, we found
cleaved-caspase 3 activation in Bend.3 cells infected with HSV-1.
Thus, we next examined whether HSV-1 infection affects the
expression of the tight junction proteins, occludin and claudin
5. Immunoblotting analysis showed that occludin and claudin
5 were downregulated 36 h and 24 h after infection, respectively
(Figures 3A,B). Concurrently, we found a decrease in the
transcription levels of occludin and claudin 5 (Figure 3C).
Immunofluorescence analysis (Figure 3D) revealed that claudin
5 is clearly and linearly distributed across the cell membrane
prior to HSV-1 infection. After HSV-1 infection, the claudin
5 pattern becomes discontinuous, appearing almost as a dot-like
structure or disappearing altogether. Since these observations
may reflect changes in the endothelial cell barrier structure,
we further evaluated the endothelial cell barrier function.
Measurements of TEER that indicate endothelial monolayer
permeability changes confirmed that HSV-1 infection results in
a time-dependent decrease in TEER (Figure 3E). Taken together,

FIGURE 2 | Golgi apparatus (GA) disruption and cleaved-caspase
3 activations in Bend.3 cells infected with HSV-1. Bend.3 cells were
mock-infected (mock) or infected with HSV-1 (V) at an MOI of 3 and then
harvested at 12 hours post-infection (hpi), 24 hpi, 36 hpi, and 48 hpi. (A) GA
disruption and cleaved-caspase 3 activations were detected by
immunofluorescence analysis. Mock-infected or HSV-1 infected cells were
fixed, permeabilized, and incubated with antibodies to GM130 and
cleaved-caspase 3, followed by incubation with Alexa Fluor 594-conjugated
IgG (red channel) and Alexa Fluor 647-conjugated IgG (cyan channel).
Infected cells expressed green fluorescent protein (GFP; green channel). DAPI
was used to stain nuclei (blue channel). Merged channels generated the fifth
image shown in each row. Scale bar, 10 µm. (B) GA disruption was
determined by transmission electron microscopy. GA regions (red box) were
captured at a magnification of 2,500× in mock-infected (upper) and HSV-1
infected (lower) cells. Scale bar, 2 µm. Highly ordered Golgi stacks are
observed in mock-infected cells at a magnification of 5,000× (black
arrowheads). The ultrastructure of the GA in HSV-1-infected cells gradually
varied from organized stacks to discontinued stacks and dilated-elongated
Golgi cisternae (red arrowheads). Representative images are shown from
three independent experiments. The asterisk indicates the nucleus. Scale bar,
1 µm.

these observations strongly suggest that HSV-1 infection
disrupts the endothelial cell barrier structure and function in
Bend.3 cells.
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FIGURE 3 | Endothelial cell barrier structure and function disruption after HSV-1 infection. Bend.3 cells were mock-infected (mock) or infected with HSV-1 (V) at an
MOI of 3 and harvested at the times indicated. (A) The protein levels of occludin and claudin 5 were downregulated by HSV-1 infection. Occludin and claudin
5 protein levels were determined by immunoblotting and are expressed as fold differences relative to mock-infected cells after normalization to GAPDH levels.
GAPDH serves as a loading control. Quantification of (A) is shown in (B). Data are shown as mean ± SD from three independent experiments and were analyzed by
the Student’s t-test; ∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001. (C) The mRNA levels of occludin and claudin 5 were downregulated by HSV-1 infection. Occludin and
claudin 5 mRNA levels were quantified by qRT-PCR and presented as fold differences relative to the levels in mock-infected cells after normalization to GAPDH
levels. GAPDH serves as an internal control. Each experiment was performed independently three times. Data are presented as mean ± SD and were analyzed by
the Student’s t-test; ∗P < 0.05. (D) Claudin 5 (red) was detected by immunofluorescence analysis and nuclei were stained with DAPI (blue). Representative images
are shown from three independent experiments. Scale bar, 10 µm. (E) Bend.3 monolayer permeability was assessed by TEER measurements. The results show that
the barrier function of Bend.3 was disrupted with increasing infection times. Data shown are presented as mean ± SD from three independent experiments and were
analyzed by two-way ANOVA. ∗∗∗P < 0.001.
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FIGURE 4 | GA fragmentation after knockdown of GM130 in Bend.3 cells. Bend.3 cells were transfected with a negative control small interfering RNA (siCtrl), and
two GM130-specific siRNA (siGM130-1, siGM130-2) and harvested at 72 h post-transfection. (A) P115 was not affected by GM130 knockdown. GM130 and
P115 protein levels were determined by immunoblotting and presented as fold differences relative to the levels in siCtrl-transfected cells after normalization to
GAPDH levels. GAPDH serves as a loading control. Quantification of (A) is shown in (B). Data are shown as mean ± SD from three independent experiments and
were analyzed by the Student’s t-test; ∗P < 0.05; ∗∗P < 0.01; (C) GA fragmentation was detected by immunofluorescence assay; transfected cells were
immunostained for GM130 (Golgi marker protein, green) and P115 (Golgi marker protein, red). Nuclei were visualized with DAPI. Scale bar, 10 µm. (D) The
morphological disruption of the GA was determined by transmission electron microscopy. Representative electron micrographs of Golgi stacks were captured in the
negative control group and GM130 knockdown group at 5,000× magnification. Highly ordered and compact Golgi stacks became disordered and dilated-elongated
after knockdown (black arrowheads). Representative images are shown from three independent experiments. The asterisk indicates the nucleus. Scale bar, 1 µm.
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FIGURE 5 | Knockdown of GM130 induces apoptosis and downregulates protein levels of occludin and claudin 5 in Bend.3 cells. Bend.3 cells were transfected
with a negative control small interfering RNA (siCtrl) and two GM130-specific siRNA (siGM130-1, siGM130-2) and harvested at 72 h post-transfection. (A) Apoptotic
cells were detected by flow cytometry after GM130 knockdown. (B) Cleaved-caspase 3, occludin, and claudin 5 protein levels were determined by immunoblotting
and expressed as fold changes relative to siCtrl-transfected cells after normalization to GAPDH levels. GAPDH serves as a loading control. Quantification of (B) is
shown in (C). Data are shown as mean ± SD from three independent experiments and were analyzed by the Student’s t-test; ∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001.

Knockdown of GM130 Disrupts the GA,
Induces Apoptosis, and Downregulates
Protein Levels of Occludin and Claudin 5
We have shown that the GA and GM130 are significantly altered
after HSV-1 infection. To further determine the role of the
GA and GM130 during HSV-1 infection, we knocked down
GM130 in Bend.3 cells using small interfering RNA (siRNA).
We confirmed that there were no significant differences in
cell viability between cells transfected with the negative control
(siCtrl) and GM130-specific (siGM130-1 or siGM130-2) siRNA
(Supplementary Datasheet 2). P115, another Golgi marker,
was not affected on the protein level by GM130 knockdown
(Figures 4A,B). Next, we used immunofluorescence analysis of
GM130 and P115 to assess the GA structure (Figure 4C). The
GA structure varied from a compacted, perinuclear distribution
to a dispersed distribution throughout the cytoplasm. The
morphological disruption of the GA was further examined
by transmission electron microscopy. Representative electron
micrographs of Golgi stacks captured in the negative control
group (siCtrl) and GM130 knockdown groups (siGM130-1 and
siGM130-2) showed that the highly ordered and compact
Golgi stacks became disordered and dilated/elongated after
GM130 knockdown (Figure 4D). These results indicate that
GM130 is required for maintaining the GA structure.

Next, we used flow cytometry analysis and immunoblot
detection of cleaved-caspase 3 to detect cell apoptosis.
The significant increase in the percentage of apoptotic
cells (Figure 5A) and protein level of cleaved caspase 3
(Figures 5B,C) in the GM130 knockdown groups indicate
that loss of GM130 may play a role in apoptosis caused by
HSV-1 infection. Moreover, we observed that knockdown of
GM130 downregulated the protein levels of occludin and claudin
5 (Figures 5B,C). These results indicate that GM130 may be
involved in apoptosis and downregulation of occludin and
claudin 5 in HSV-1-infected Bend.3 cells.

Overexpression of GM130 Ameliorates
Apoptosis, Restores the Protein Levels of
Occludin and Claudin 5, and Reduces Golgi
Fragmentation During HSV-1 Infection
To further confirm the involvement of GM130 in apoptosis and
downregulation of occludin and claudin 5 after HSV-1 infection,
Bend.3 cells were transfected with either the pcDNA3.1 empty
vector or pcDNA3.1-GM130 plasmid. Twelve hours after
transfection, the cells were infected with HSV-1 for 36 h.
GM130 was clearly overexpressed in both mock- and HSV-
1-infected Bend.3 cells (Figures 6A,B). Overexpression of
GM130 partially inhibited the activation of cleaved-caspase
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FIGURE 6 | Overexpression of GM130 ameliorates apoptosis, restores the protein levels of occludin and claudin 5, and reduces Golgi fragmentation during HSV-1
infection. Bend.3 cells were transfected with either a negative control plasmid pcDNA3.1 (NC) or GM130 expression plasmid pcDNA3.1-GM130 (OE). Twelve hours
after transfection, cells were infected with HSV-1 for 36 h and then harvested. (A) GM130 and cleaved-caspase 3 protein levels were determined by immunoblotting.
GM130 and cleaved-caspase 3 protein levels in HSV-1-infected cells transfected with pcDNA3.1 or pcDNA3.1-GM130 were normalized to the levels in
mock-infected cells transfected with pcDNA3.1 or pcDNA3.1-GM130, respectively, to provide fold changes after normalization to GAPDH levels. GAPDH is a loading

(Continued)
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FIGURE 6 | Continued
control. Quantification of (A) is shown in (B). Data are shown as mean ± SD
from three independent experiments and were analyzed by the Student’s
t-test; ∗∗P < 0.01; ∗∗∗P < 0.001 vs. Mock + NC; $$P < 0.01 vs. HSV-1 + NC;
#P < 0.05 vs. Mock + OE. (C) Apoptotic cells were quantified by flow
cytometry. Data shown are presented as mean ± SD from three independent
experiments and were analyzed by the Student’s t-test; ∗∗∗P < 0.001 vs.
Mock + NC; $$$P < 0.001 vs. HSV-1 + NC; ###P < 0.001 vs. Mock + OE. (D)
Occludin and claudin 5 protein levels were determined by immunoblotting.
Occludin and claudin 5 protein levels in HSV-1-infected cells transfected with
pcDNA3.1 or pcDNA3.1-GM130 were normalized to the levels in
mock-infected cells transfected with pcDNA3.1 or pcDNA3.1-GM130,
respectively, to provide fold changes after normalization to GAPDH levels.
GAPDH is a loading control. Quantification of (D) is shown in (E). Data are
shown as mean ± SD from three independent experiments and were
analyzed by the Student’s t-test; ∗∗P < 0.01; ∗∗∗P < 0.001 vs. Mock + NC;
$P < 0.05 vs. HSV-1 + NC; #P < 0.05 vs. Mock + OE. (F) Quantitation of
Golgi cisternae lumen (µm) in mock- and HSV-1-infected cells transfected
with pcDNA3.1 or pcDNA3.1-GM130. Data represents the average maximum
luminal width of Golgi cisternae from three independent experiments. Data
are shown as mean ± SD and were analyzed by the Student’s t-test;
∗∗∗P < 0.001 vs. Mock + NC; $$$P < 0.001 vs. HSV-1 + NC; ##P < 0.01 vs.
Mock + OE. Representative electron micrographs of Golgi cisternae in
HSV-1-infected cells transfected with pcDNA3.1 (G) and HSV-1-infected cells
transfected with pcDNA3.1-GM130 at 36 hpi (H). Representative images are
shown from three independent experiments. The black arrowheads indicate
Golgi cisternae. The asterisks indicate the nucleus. Scale bar, 1 µm. (I)
Growth kinetics of viruses. Twelve hours after transfection, Bend.3 cells
transfected with pcDNA3.1 or pcDNA3.1-GM130 were infected with HSV-1
at an MOI of 3. The supernatant was collected at the indicated times
post-infection, and viral titer was measured with a plaque formation assay in
triplicate. Data shown are presented as mean ± SD from three independent
experiments and were analyzed by two-way ANOVA.

3 (Figures 6A,B). Correspondingly, Bend.3 cells transfected
with pcDNA3.1-GM130 displayed a decrease in the number
of apoptotic cells after HSV-1 infection compared with cells
transfected with the empty vector (Figure 6C). We also
observed that the protein levels of occludin and claudin
5 were partially restored by overexpressing GM130 in HSV-1-
infected Bend.3 cells (Figures 6D,E). Furthermore, we detected
GA ultrastructural changes after GM130 overexpression. As
shown in Figures 6F–H, overexpression of GM130 improved
the disordered and dilated Golgi cisterna caused by HSV-1
infection. Quantitation of the maximum luminal width of the
Golgi cisternae (µm) revealed a significant decrease in this
parameter. Overexpression of GM130 had no significant impact
on infectious virus yields at the indicated times post-infection
(Figure 6I). Taken together, these results strongly suggest that
HSV-1 infection triggers GM130-mediated GA stress presenting
as Golgi fragmentation, which is involved in apoptosis and
downregulation of occludin and claudin 5 protein levels.

GM130 Downregulation, GA
Fragmentation, and Endothelial Cell
Barrier Structure and Function Disruption
During HSV-1 Infection-Induced Apoptosis
Are Partially Caspase-Dependent
Cellular apoptosis results in the activation of a family of cysteine
proteases named caspases that act in a proteolytic cascade to
cleave relevant proteins. Z-VAD-fmk is an irreversible general

caspase inhibitor, which can inhibit apoptosis in some cases.
Firstly, to determine whether the apoptosis induced by HSV-1
infection can be inhabited by Z-VAD-fmk, Bend.3 cells were
infected with HSV-1 in the absence or presence of Z-VAD-fmk.
Flow cytometry analysis showed that in the presence of Z-VAD-
fmk, the apoptotic rate of HSV-1 infected cells was significantly
lower than the untreated group (Figure 7A). Concurrently, the
activation of cleaved-caspase 3 was completely inhibited by Z-
VAD-fmk (Figures 7B,C). These results confirmed that Z-VAD-
fmk can protect cells from apoptosis during HSV-1 infection.

We next investigated whether the decreased GM130 protein
level, GA fragmentation, and endothelial cell barrier structure
and function disruption caused byHSV-1 infection were caspase-
dependent. Bend.3 cells were infected with HSV-1 in the absence
or presence of Z-VAD-fmk and the protein level of GM130 was
assessed. Z-VAD-fmk treatment partially restored the protein
level of GM130, demonstrating that the restoration is caspase-
dependent (Figures 7B,D). Furthermore, to assess whether
caspase activity plays a role in GA fragmentation, we examined
the distribution of GM130 in the cells. We found that Z-
VAD-fmk reduced the dispersed and fragmented distribution
of GM130 (Figures 7E–G). Quantification of the distance of
GM130-positive structures to the nucleus showed a significant
reduction in this parameter at 36 hpi (Figure 7H). Finally, we
observed that treatment with Z-VAD-fmk significantly increased
the protein levels of occludin and claudin 5 (by 32% and 24%,
respectively) at 36 hpi (Figures 8A–C). Correspondingly, the
TEER was also improved (Figure 8D). Z-VAD-fmk had no
significant impact on infectious virus yields at the indicated times
post-infection (Figure 8E). Altogether, these results indicate
that caspase activity is required to cleave GM130, trigger GA
fragmentation, and disrupt endothelial cell barrier structure
and function during apoptosis caused by HSV-1 infection in
Bend.3 cells.

DISCUSSION

HSV-1 is one of the most common pathogens that infect the
CNS. Despite the use of antiviral drugs, the mortality rate of HSE
caused by HSV-1 remains as high as 20–30%, and more than
half of surviving patients suffer varying degrees of neurological
deficits (Saraya et al., 2016). There is robust evidence that the
destruction of the BBB is an important pathological mechanism
in the development of HSE (Buursma et al., 2005; Keep et al.,
2008; Moretti et al., 2015; Liu et al., 2019b), but the underlying
mechanism remains to be elucidated. Previous results from
studies by our laboratory and others (Martin et al., 2017; Deng
et al., 2018) motivated us to explore whether the GA plays a role
in the destruction of the BBB in HSE.

Not only does the GA secrete and process proteins, but the
evidence is accumulating that it is a sensor of stress signals in
cell death pathways. In addition, recent experiments indicate that
with increasing confluence of endothelial cells, cPLA relocation
to the GA also increases, which facilitates the transport of
occludin and claudin 5 through or from the Golgi, thereby
controlling the integrity of endothelial cell-cell junctions (Regan-
Klapisz et al., 2009). In the present study, we observed that
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FIGURE 7 | Z-VAD-fmk inhibits apoptosis, restores GM130 protein levels, and reduces GA dispersion during HSV-1 infection. At 12 hpi, mock-infected (Mock) and
HSV-1-infected (V) cells were treated with either dimethyl sulfoxide (DMSO) or Z-VAD-fmk (100 µM) and then harvested at 36 hpi. (A) Apoptotic cells were quantified
by flow cytometry and (B) GM130 and cleaved-caspase 3 protein levels were determined by immunoblotting in HSV-1-infected cells treated with DMSO or
Z-VAD-fmk and expressed as fold changes relative to mock-infected cells treated with DMSO or Z-VAD-fmk, respectively, after normalization to GAPDH levels.
GAPDH serves as a loading control. Quantification of (B) is shown in (C,D). Data are shown as mean ± SD from three independent experiments and were analyzed
by the Student’s t-test; ∗P < 0.05; ∗∗P < 0.01; cells that were mock-infected (E), HSV-1-infected (F), or HSV-1-infected with Z-VAD-fmk treatment (G) were

(Continued)
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FIGURE 7 | Continued
immunostained for GM130 (Golgi marker protein, cyan), cleaved-caspase 3
(cell apoptosis marker, red), and GFP (viral infection marker, green). Nuclei
were stained with DAPI. Panels (E–G) show boxes (i-iii) with higher
magnification to indicate the GA structure. Scale bar, 1 µm. (H) Quantitation
of the maximum distance of GM130 positive structures to the nucleus (µm)
under the conditions described in Panels (E–G). All experiments were
repeated independently at least three times. Data are shown as mean ± SD
and were analyzed by the Student’s t-test; ∗P < 0.05; ∗∗P < 0.01;
∗∗∗P < 0.001.

after HSV-1 infection, the GA marker protein GM130 gradually
exhibited a dispersed and fragmented distribution throughout
the cytoplasm. GA fragmentation was further confirmed by
transmission electron microscopy. Concurrent with the GA
disruption, downregulation of occludin and claudin 5 and
apoptosis of endothelial cells were observed. However, when the
GA structure was restored by overexpressing GM130 in HSV-1-
infected cells, the downregulation of occludin and claudin 5 and
apoptosis of endothelial cells were ameliorated to a certain extent.
Our results are partially consistent with the observations by
Nakagomi that inhibition of GA fragmentation could inhibit or
delay neuronal apoptosis triggered by multiple apoptotic insults
(Nakagomi et al., 2008). Moreover, occludin, claudin 5, and
endothelial cells are important components of the BBB. Thus,
our findings reveal that HSV-1 infection triggers the Golgi stress
response, which mainly presents as GA fragmentation, and these
changes in Golgi morphology and function affect the BBB.

GM130 is an important structural protein of the GA,
which together with GA-associated proteins such as P115 and
GRASP65 (Nakamura, 2010) maintains the GA structure.
GM130 is involved in a variety of important cellular processes
including apoptosis (Nakamura, 2010; Chang et al., 2012; Liu
et al., 2017). Recent studies have reported that the loss of
GM130 in neurons causes GA disruption (Liu et al., 2017). Marra
et al. (2007) further demonstrated that loss of GM130 blocks
the tethering and fusion of membranes from the endoplasmic
reticulum to the GA, resulting in a shortening of the cisternae and
breakdown of the Golgi ribbon. In the present study, after HSV-1
infection, the protein and mRNA levels of GM130 decreased
to varying degrees, accompanied by the destruction of the GA
structure, suggesting that the downregulation of GM130 may
be related to GA fragmentation. Furthermore, knocking down
GM130 in mock-infected cells resulted in the swelling of the
Golgi stack and destruction of the Golgi ribbon, as well as
occludin and claudin 5 downregulation and cell apoptosis.
However, overexpressing GM130 reduces Golgi fragmentation,
ameliorates apoptosis, and partially restores the protein levels
of occludin and claudin 5 in HSV-1-infected cells. These
results indicate that the GA fragmentation is mainly due to
the downregulation of GM130 caused by HSV-1 infection.
GM130-mediated Golgi stress is thus involved in the destruction
of the BBB.

Apoptosis is a type of programmed cell death, in which
a series of caspases such as cleaved-caspase3 are activated in
sequence. Caspases primarily cleave cell substrates that are
important for maintaining cell life. In an acute cerebral ischemia

model, the BBB was destroyed after 30 min of ischemia,
manifested by the destruction of claudin 5 and accompanied
by the activation of cleaved-caspase 3 in brain endothelial cells.
The destruction of claudin 5 was partially blocked by caspase
3 inhibitors (Zehendner et al., 2011). Similarly, Bojarski et al.
(2004) found that cleaved-caspase 3 downregulates occludin
by cleaving it. Moreover, the caspase cleavage site in occludin
was localized to Asp (320) in the C-terminal cytoplasmic
domain. In our experiments, we found that HSV-1-infected cells
initiate apoptosis and activate a series of caspases, including
cleaved-caspase 3. As apoptosis progressed, occludin and claudin
5 protein levels decreased by varying degrees. Furthermore,
inhibition of apoptosis and caspase activity partially restored
the protein levels of occludin and claudin 5, revealing the
involvement of activated caspases in the destruction of tight
junction proteins after HSV-1 infection. In addition, previous
studies have found that loss of GM130 results in GA destruction
and apoptosis of Purkinje neurons in the mouse (Liu et al.,
2017). In the current study, the downregulation of GM130,
increased the percentage of apoptotic cells and the protein
level of cleaved caspase 3, which suggests that GM130 may be
involved in apoptosis triggered by HSV-1 infection. Knockdown
of GM130 in mock-infected cells resulted in apoptosis and
caspase activation, accompanied by a decrease in occludin and
claudin 5. We further found that when apoptosis and caspase
activation in HSV-1-infected cells was partially inhibited by
overexpressing GM130, the downregulation of occludin and
claudin 5 were also restored to a certain extent. Interestingly, the
protein levels of GM130 were partially restored by using Z-VAD-
fmk, which can inhibit caspase activation inHSV-1-infected cells.
Similarly, in NRK cells, downregulation of the Golgi-associated
protein GRASP65 triggered by staurosporine is inhibited by Z-
VAD, which protects GRASP65 from cleaved-caspase 3 cleavage
(Lane et al., 2002). Therefore, we believe that the protein
levels of GM130 were partially restored by inhibiting caspase
cleavage. Although Walker et al. (2004) also found that activated
caspases downregulate GM130 protein levels in apoptotic cells,
we further observed a drastic decrease in GM130 mRNA
levels in HSV-1-infected cells, suggesting that the decrease in
GM130 protein levels may be partially due to the reduced
synthesis of GM130 caused by HSV-1 infection. Altogether, these
results indicate that GM130-mediated Golgi stress is involved in
apoptosis, which leads to the destruction of the BBB after HSV-1
infection. Meanwhile, GM130 downregulation is partially due to
apoptosis and may be partially due to HSV-1 infection affecting
its transcription.

In summary, our experiments revealed that HSV-1 infection
triggers Golgi stress, which presents as changes in GA
morphology and function. The changes of GM130 expression
level regulates Golgi stress response that is involved in
endothelial cell apoptosis, which in turn disrupts the structure
and function of the BBB. Meanwhile, GM130 downregulation
is partially due to apoptosis triggered by HSV-1 infection.
These findings indicate that when treating patients with HSE,
in addition to conventional antiviral therapy, attention should
be given to the protection of important organelles such as the
GA and prevention of cell apoptosis. However, our conclusion
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FIGURE 8 | Z-VAD-fmk improves endothelial cell barrier structure and function during HSV-1 infection. At 12 hpi, mock-infected (Mock) and HSV-1-infected (V)
Bend.3 cells were treated with DMSO or Z-VAD-fmk (100 µM) and then harvested at 36 hpi. (A) Occludin and claudin 5 protein levels were determined by
immunoblotting in HSV-1-infected cells treated with DMSO or Z-VAD-fmk and expressed as fold changes relative to mock-infected cells treated with DMSO or
Z-VAD-fmk, respectively, after normalization to GAPDH levels. GAPDH serves as a loading control. Quantification of (A) is shown in (B,C). (D) Bend.3 barrier function
was assayed by TEER measurements. The results show the barrier function of Bend.3 was improved by treatment with Z-VAD-fmk during HSV-1 infection. All data
are presented as mean ± SD from three independent experiments and were analyzed by the Student’s t-test; ∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001. (E) Growth
kinetics of viruses. Bend.3 cells were infected with HSV-1 at an MOI of 3. Supernatant samples from HSV-1-infected cells were collected at the indicated times
post-infection. Prior to each sample collection, HSV-1-infected cells were preincubated with DMSO or Z-VAD-fmk (100 µM) for 24 h. Viral titer was measured with a
plaque formation assay in triplicate. Data shown are presented as mean ± SD from three independent experiments and were analyzed by two-way ANOVA.
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lacks data in vivo to further corroborate. In future studies,
we will explore the effect of the GA stress on the BBB in
the mouse by injecting HSV-1 H129-G4 intracerebral. How
GM130 transcription is affected by HSV-1 infection remains to
be elucidated. In addition, whether GM130-mediated Golgi stress
also plays a role in other stress conditions is worth studying,
such as tumors, neurodegenerative diseases. To the best of our
knowledge, this is the first study to link the GA with the BBB
during HSV-1 infection. Our results broaden our understanding
of the mechanism underlying the BBB disruption in HSE and
identify potentially novel targets for the protection of the BBB
and therapeutic strategies for treating patients with HSE.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation, to any
qualified researcher.

AUTHOR CONTRIBUTIONS

WL and QH conceived and designed the study. QH, HL, and CH
performed the experiments. QH, HL, and RW analyzed the data.
WL and ML contributed reagents, materials and analysis tools.
QH wrote the first draft. WL and RW reviewed and revised the
manuscript. All authors reviewed the manuscript.

FUNDING

This work was supported by the National Natural Science
Foundation of China (No. 81571181).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fnmol.
2020.00002/full#supplementary-material.

REFERENCES

Abbott, N. J., Patabendige, A. A., Dolman, D. E., Yusof, S. R., and Begley, D. J.
(2010). Structure and function of the blood-brain barrier. Neurobiol. Dis. 37,
13–25. doi: 10.1016/j.nbd.2009.07.030

Bojarski, C., Weiske, J., Schöneberg, T., Schröder, W., Mankertz, J., Schulzke, J. D.,
et al. (2004). The specific fates of tight junction proteins in apoptotic epithelial
cells. J. Cell Sci. 117, 2097–2107. doi: 10.1242/jcs.01071

Buursma, A. R., de Vries, E. F., Garssen, J., Kegler, D., van Waarde, A., Schirm, J.,
et al. (2005). [18F]FHPG positron emission tomography for detection of herpes
simplex virus (HSV) in experimental HSV encephalitis. J. Virol. 79, 7721–7727.
doi: 10.1128/jvi.79.12.7721-7727.2005

Chang, S. H., Hong, S. H., Jiang, H. L., Minai-Tehrani, A., Yu, K. N., Lee, J. H.,
et al. (2012). GOLGA2/GM130, cis-Golgi matrix protein, is a novel target of
anticancer gene therapy.Mol. Ther. 20, 2052–2063. doi: 10.1038/mt.2012.125

Chang, C. Y., Li, J. R., Chen, W. Y., Ou, Y. C., Lai, C. Y., Hu, Y. H., et al. (2015).
Disruption of in vitro endothelial barrier integrity by Japanese encephalitis
virus-Infected astrocytes. Glia 63, 1915–1932. doi: 10.1002/glia.22857

Chen, C. J., Ou, Y. C., Li, J. R., Chang, C. Y., Pan, H. C., Lai, C. Y., et al.
(2014). Infection of pericytes in vitro by Japanese encephalitis virus disrupts
the integrity of the endothelial barrier. J. Virol. 88, 1150–1161. doi: 10.1128/jvi.
02738-13

Daneman, R., and Prat, A. (2015). The blood-brain barrier. Cold Spring Harb.
Perspect. Biol. 7:a020412. doi: 10.1101/cshperspect.a020412

DeBiasi, R. L., Kleinschmidt-DeMasters, B. K., Richardson-Burns, S., and
Tyler, K. L. (2002). Central nervous system apoptosis in human herpes
simplex virus and cytomegalovirus encephalitis. J. Infect. Dis. 186, 1547–1557.
doi: 10.1086/345375

Deng, S., Liu, H., Qiu, K., You, H., Lei, Q., and Lu, W. (2018). Role of the golgi
apparatus in the blood-brain barrier: golgi protectionmay be a targeted therapy
for neurological diseases.Mol. Neurobiol. 55, 4788–4801. doi: 10.1007/s12035-
017-0691-3

Fu, Y. R., Liu, X. J., Li, X. J., Shen, Z. Z., Yang, B., Wu, C. C., et al. (2015).
MicroRNA miR-21 attenuates human cytomegalovirus replication in neural
cells by targeting Cdc25a. J. Virol. 89, 1070–1082. doi: 10.1128/jvi.01740-14

Granerod, J., Ambrose, H. E., Davies, N. W. S., Clewley, J. P., Walsh, A. L.,
Morgan, D., et al. (2010). Causes of encephalitis and differences in their clinical
presentations in England: a multicentre, population-based prospective study.
Lancet Infect. Dis. 10, 835–844. doi: 10.1016/S1473-3099(10)70222-X

Ignashkova, T. I., Gendarme, M., Peschk, K., Eggenweiler, H. M.,
Lindemann, R. K., and Reiling, J. H. (2017). Cell survival and protein
secretion associated with Golgi integrity in response to Golgi stress-inducing
agents. Traffic 18, 530–544. doi: 10.1111/tra.12493

Jiang, Z., Hu, Z., Zeng, L., Lu, W., Zhang, H., Li, T., et al. (2011). The role
of the Golgi apparatus in oxidative stress: is this organelle less significant
than mitochondria? Free Radic. Biol. Med. 50, 907–917. doi: 10.1016/j.
freeradbiomed.2011.01.011

Keep, R. F., Xiang, J., Ennis, S. R., Andjelkovic, A., Hua, Y., Xi, G., et al. (2008).
Blood-brain barrier function in intracerebral hemorrhage. Acta Neurochir.
Suppl. 105, 73–77. doi: 10.1007/978-3-211-09469-3_15

Lane, J. D., Lucocq, J., Pryde, J., Barr, F. A., Woodman, P. G., Allan, V. J.,
et al. (2002). Caspase-mediated cleavage of the stacking protein GRASP65 is
required for Golgi fragmentation during apoptosis. J. Cell Biol. 156, 495–509.
doi: 10.1083/jcb.200110007

Li, X. J., Liu, X. J., Yang, B., Fu, Y. R., Zhao, F., Shen, Z. Z., et al. (2015).
Human cytomegalovirus infection dysregulates the localization and stability
of NICD1 and Jag1 in neural progenitor cells. J. Virol. 89, 6792–6804.
doi: 10.1128/jvi.00351-15

Li, T., You, H., Mo, X., He,W., Tang, X., Jiang, Z., et al. (2016). GOLPH3mediated
golgi stress response in modulating N2A cell death upon oxygen-glucose
deprivation and reoxygenation injury. Mol. Neurobiol. 53, 1377–1385.
doi: 10.1007/s12035-014-9083-0

Liu, H., Huang, C. X., He, Q., Li, D., Luo,M. H., Zhao, F., et al. (2019a). Proteomics
analysis of HSV-1-induced alterations in mouse brain microvascular
endothelial cells. J. Neurovirol. 25, 525–539. doi: 10.1007/s13365-019-00752-z

Liu, H., Qiu, K., He, Q., Lei, Q., and Lu, W. (2019b). Mechanisms of blood-brain
barrier disruption in herpes simplex encephalitis. J. Neuroimmune Pharmacol.
14, 157–172. doi: 10.1007/s11481-018-9821-6

Liu, C.,Mei,M., Li, Q., Roboti, P., Pang, Q., Ying, Z., et al. (2017). Loss of the golgin
GM130 causes Golgi disruption, Purkinje neuron loss, and ataxia in mice. Proc.
Natl. Acad. Sci. U S A 114, 346–351. doi: 10.1073/pnas.1608576114

Marques, C. P., Hu, S., Sheng, W., and Lokensgard, J. R. (2006). Microglial
cells initiate vigorous yet non-protective immune responses during
HSV-1 brain infection. Virus Res. 121, 1–10. doi: 10.1016/j.virusres.2006.
03.009

Marra, P., Salvatore, L., Mironov, A. Jr., Di Campli, A., Di Tullio, G., Trucco, A.,
et al. (2007). The biogenesis of the Golgi ribbon: the roles of membrane input
from the ER and of GM130. Mol. Biol. Cell 18, 1595–1608. doi: 10.1091/mbc.
e06-10-0886

Martin, C., Leyton, L., Hott, M., Arancibia, Y., Spichiger, C., McNiven, M. A., et al.
(2017). Herpes simplex virus type 1 neuronal infection perturbs golgi apparatus
integrity through activation of src tyrosine kinase and Dyn-2 GTPase. Front.
Cell. Infect. Microbiol. 7:371. doi: 10.3389/fcimb.2017.00371

Moretti, R., Pansiot, J., Bettati, D., Strazielle, N., Ghersi-Egea, J. F., Damante, G.,
et al. (2015). Blood-brain barrier dysfunction in disorders of the developing
brain. Front. Neurosci. 9:40. doi: 10.3389/fnins.2015.00040

Frontiers in Molecular Neuroscience | www.frontiersin.org 15 January 2020 | Volume 13 | Article 2

https://www.frontiersin.org/articles/10.3389/fnmol.2020.00002/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnmol.2020.00002/full#supplementary-material
https://doi.org/10.1016/j.nbd.2009.07.030
https://doi.org/10.1242/jcs.01071
https://doi.org/10.1128/jvi.79.12.7721-7727.2005
https://doi.org/10.1038/mt.2012.125
https://doi.org/10.1002/glia.22857
https://doi.org/10.1128/jvi.02738-13
https://doi.org/10.1128/jvi.02738-13
https://doi.org/10.1101/cshperspect.a020412
https://doi.org/10.1086/345375
https://doi.org/10.1007/s12035-017-0691-3
https://doi.org/10.1007/s12035-017-0691-3
https://doi.org/10.1128/jvi.01740-14
https://doi.org/10.1016/S1473-3099(10)70222-X
https://doi.org/10.1111/tra.12493
https://doi.org/10.1016/j.freeradbiomed.2011.01.011
https://doi.org/10.1016/j.freeradbiomed.2011.01.011
https://doi.org/10.1007/978-3-211-09469-3_15
https://doi.org/10.1083/jcb.200110007
https://doi.org/10.1128/jvi.00351-15
https://doi.org/10.1007/s12035-014-9083-0
https://doi.org/10.1007/s13365-019-00752-z
https://doi.org/10.1007/s11481-018-9821-6
https://doi.org/10.1073/pnas.1608576114
https://doi.org/10.1016/j.virusres.2006.03.009
https://doi.org/10.1016/j.virusres.2006.03.009
https://doi.org/10.1091/mbc.e06-10-0886
https://doi.org/10.1091/mbc.e06-10-0886
https://doi.org/10.3389/fcimb.2017.00371
https://doi.org/10.3389/fnins.2015.00040
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/molecular-neuroscience#articles


He et al. HSV-1 Infection Triggers Golgi Stress

Nakagomi, S., Barsoum, M. J., Bossy-Wetzel, E., Sütterlin, C., Malhotra, V., and
Lipton, S. A. (2008). A Golgi fragmentation pathway in neurodegeneration.
Neurobiol. Dis. 29, 221–231. doi: 10.1016/j.nbd.2007.08.015

Nakamura, N. (2010). Emerging new roles of GM130, a cis-golgi matrix protein, in
higher order cell functions. J. Pharmacol. Sci. 112, 255–264. doi: 10.1254/jphs.
09r03cr

Nguyen, M. L., and Blaho, J. A. (2007). Apoptosis during herpes simplex virus
infection. Adv. Virus Res. 69, 67–97. doi: 10.1016/S0065-3527(06)69002-7

Pasieka, T. J., Cilloniz, C., Carter, V. S., Rosato, P., Katze, M. G., and Leib, D. A.
(2011). Functional genomics reveals an essential and specific role for Stat1 in
protection of the central nervous system following herpes simplex virus corneal
infection. J. Virol. 85, 12972–12981. doi: 10.1128/jvi.06032-11

Peng, J., He, F., Zhang, C., Deng, X., and Yin, F. (2011). Protein kinase C-α signals
P115RhoGEF phosphorylation and RhoA activation in TNF-α-induced mouse
brain microvascular endothelial cell barrier dysfunction. J. Neuroinflammation
8:28. doi: 10.1186/1742-2094-8-28

Regan-Klapisz, E., Krouwer, V., Langelaar-Makkinje, M., Nallan, L., Gelb, M.,
Gerritsen, H., et al. (2009). Golgi-associated cPLA2α regulates endothelial
cell-cell junction integrity by controlling the trafficking of transmembrane
junction proteins. Mol. Biol. Cell 20, 4225–4234. doi: 10.1091/mbc.
e08-02-0210

Saraya, A. W., Wacharapluesadee, S., Petcharat, S., Sittidetboripat, N., Ghai, S.,
Wilde, H., et al. (2016). Normocellular CSF in herpes simplex encephalitis.
BMC Res. Notes 9:95. doi: 10.1186/s13104-016-1922-9

Shivkumar, M., Milho, R., May, J. S., Nicoll, M. P., Efstathiou, S., and
Stevenson, P. G. (2013). Herpes simplex virus 1 targets the murine olfactory
neuroepithelium for host entry. J. Virol. 87, 10477–10488. doi: 10.1128/jvi.
01748-13

Spindler, K. R., and Hsu, T. H. (2012). Viral disruption of the blood-brain barrier.
Trends Microbiol. 20, 282–290. doi: 10.1016/j.tim.2012.03.009

Tsalenchuck, Y., Tzur, T., Steiner, I., and Panet, A. (2014). Different modes of
herpes simplex virus type 1 spread in brain and skin tissues. J. Neurovirol. 20,
18–27. doi: 10.1007/s13365-013-0224-4

Walker, A., Ward, C., Sheldrake, T. A., Dransfield, I., Rossi, A. G., Pryde, J. G.,
et al. (2004). Golgi fragmentation during Fas-mediated apoptosis is associated
with the rapid loss of GM130. Biochem. Biophys. Res. Commun. 316, 6–11.
doi: 10.1016/j.bbrc.2004.02.015

Wang, F., Zhang, L., Duan, X., Zhang, G. L., Wang, Z. B., Wang, Q., et al.
(2015). RhoA-mediated FMNL1 regulates GM130 for actin assembly and

phosphorylates MAPK for spindle formation in mouse oocyte meiosis. Cell
Cycle 14, 2835–2843. doi: 10.1080/15384101.2015.1031438

Whitley, R. J., and Gnann, J. W. (2007). The incidence and severity of herpes
simplex encephalitis in Sweden, 1990–2001. Clin. Infect. Dis. 45, 881–882.
doi: 10.1086/521261

Yang, B., Liu, X. J., Yao, Y., Jiang, X., Wang, X. Z., Yang, H., et al. (2018).
WDR5 facilitates human cytomegalovirus replication by promoting capsid
nuclear egress. J. Virol. 92:e00207-18. doi: 10.1128/jvi.00207-18

Zappa, F., Failli, M., and De Matteis, M. A. (2018). The Golgi complex in
disease and therapy. Curr. Opin. Cell Biol. 50, 102–116. doi: 10.1016/j.ceb.2018.
03.005

Zehendner, C. M., Librizzi, L., de Curtis, M., Kuhlmann, C. R., and
Luhmann, H. J. (2011). Caspase-3 contributes to ZO-1 and Cl-5 tight-junction
disruption in rapid anoxic neurovascular unit damage. PLoS One 6:e16760.
doi: 10.1371/journal.pone.0016760

Zeng, W. B., Jiang, H. F., Gang, Y. D., Song, Y. G., Shen, Z. Z., Yang, H., et al.
(2017). Anterograde monosynaptic transneuronal tracers derived from herpes
simplex virus 1 strain H129. Mol. Neurodegener. 12:38. doi: 10.1186/s13024-
017-0179-7

Zhao, Z., Nelson, A. R., Betsholtz, C., and Zlokovic, B. V. (2015). Establishment
and dysfunction of the blood-brain barrier. Cell 163, 1064–1078. doi: 10.1016/j.
cell.2015.10.067

Zhou, X., Jiang, W., Liu, Z., Liu, S., and Liang, X. (2017). Virus infection and death
receptor-mediated apoptosis. Viruses 9:E316. doi: 10.3390/v9110316

Zlokovic, B. V. (2008). The blood-brain barrier in health and chronic
neurodegenerative disorders. Neuron 57, 178–201. doi: 10.1016/j.neuron.2008.
01.003

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 He, Liu, Huang, Wang, Luo and Lu. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Molecular Neuroscience | www.frontiersin.org 16 January 2020 | Volume 13 | Article 2

https://doi.org/10.1016/j.nbd.2007.08.015
https://doi.org/10.1254/jphs.09r03cr
https://doi.org/10.1254/jphs.09r03cr
https://doi.org/10.1016/S0065-3527(06)69002-7
https://doi.org/10.1128/jvi.06032-11
https://doi.org/10.1186/1742-2094-8-28
https://doi.org/10.1091/mbc.e08-02-0210
https://doi.org/10.1091/mbc.e08-02-0210
https://doi.org/10.1186/s13104-016-1922-9
https://doi.org/10.1128/jvi.01748-13
https://doi.org/10.1128/jvi.01748-13
https://doi.org/10.1016/j.tim.2012.03.009
https://doi.org/10.1007/s13365-013-0224-4
https://doi.org/10.1016/j.bbrc.2004.02.015
https://doi.org/10.1080/15384101.2015.1031438
https://doi.org/10.1086/521261
https://doi.org/10.1128/jvi.00207-18
https://doi.org/10.1016/j.ceb.2018.03.005
https://doi.org/10.1016/j.ceb.2018.03.005
https://doi.org/10.1371/journal.pone.0016760
https://doi.org/10.1186/s13024-017-0179-7
https://doi.org/10.1186/s13024-017-0179-7
https://doi.org/10.1016/j.cell.2015.10.067
https://doi.org/10.1016/j.cell.2015.10.067
https://doi.org/10.3390/v9110316
https://doi.org/10.1016/j.neuron.2008.01.003
https://doi.org/10.1016/j.neuron.2008.01.003
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/molecular-neuroscience#articles

	Herpes Simplex Virus 1-Induced Blood-Brain Barrier Damage Involves Apoptosis Associated With GM130-Mediated Golgi Stress
	INTRODUCTION
	MATERIALS AND METHODS
	Biosafety Methodology
	Cells and Cell Culture
	Viruses and Infections
	Quantitation of Virus Replication
	RNAi-Mediated GM130 Silencing
	Cell Viability
	Plasmid Construction and Transfection
	Quantitative Reverse Transcription-PCR (qRT-PCR)
	Immunoblotting
	Immunofluorescence Analysis
	Transmission Electron Microscopy
	Measurement of Apoptosis
	Measurement of Transendothelial Electrical Resistance (TEER)
	Statistical Analysis


	RESULTS
	HSV-1 Infection Downregulates GM130, Disrupts the GA, and Induces Apoptosis
	HSV-1 Infection Disrupts Endothelial Cell Barrier Structure and Function
	Knockdown of GM130 Disrupts the GA, Induces Apoptosis, and Downregulates Protein Levels of Occludin and Claudin 5
	Overexpression of GM130 Ameliorates Apoptosis, Restores the Protein Levels of Occludin and Claudin 5, and Reduces Golgi Fragmentation During HSV-1 Infection
	GM130 Downregulation, GA Fragmentation, and Endothelial Cell Barrier Structure and Function Disruption During HSV-1 Infection-Induced Apoptosis Are Partially Caspase-Dependent

	DISCUSSION
	DATA AVAILABILITY STATEMENT
	AUTHOR CONTRIBUTIONS
	FUNDING
	SUPPLEMENTARY MATERIAL
	REFERENCES


