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Human isolates of dengue (DEN) type 1 viruses FGA/89 and BR/90 differ in their membrane fusion
properties in mosquito cell lines (P. Despres et al., Virology 196:209-216, 1993). FGA/89 and BR/90 were
assayed for their neurovirulence in newborn mice, and neurons were the major target cells for both DEN-1
virus strains within the central nervous system. To study the susceptibility of neurons to DEN virus infection,
DEN virus replication was analyzed in the murine neuroblastoma cell line Neuro 2a. Infection of Neuro 2a cells
with FGA/89 or BR/90 induced apoptotic DNA degradation after 25 h of infection. Studies of DEN protein
synthesis revealed that accumulation of viral proteins leads to apoptotic cell death. The apoptotic process
progressed more rapidly following BR/90 infection than it did after FGA/89 infection. The higher cytotoxicity
of BR/90 for Neuro 2a cells was linked to an incomplete maturation of the envelope proteins, resulting in
abortive virus assembly. Accumulation of viral proteins in the endoplasmic reticalum may induce stress and
thereby activate the apoptotic pathway in mouse neuroblastoma cells.

Dengue (DEN) virus, a member of the Flavivirus genus
(family Flaviviridae), is one of the most rapidly spreading mos-
quito-borne human pathogens in the tropics. DEN viruses are
classified into four serotypes (DEN-1, -2, -3, and -4). They
cause a spectrum of illnesses ranging from a flu-like disease
(DEN fever) to DEN hemorrhagic fever, a fulminating illness
which can progress to DEN shock syndrome and death (11).
The pathogenesis of DEN hemorrhagic fever-DEN shock syn-
drome has not been completely elucidated. An abnormal im-
mune response and disturbed hemostasis may be responsible
for the severe hemorrhage and shock (13), and the severity of
the disease may also be due to the intrinsic biological proper-
ties of the infecting strains of DEN virus (14, 21).

We have previously observed biological and molecular dif-
ferences between DEN-1 virus strains isolated from patients
with DEN fever in French Guiana (strain FGA/89) and in
Brazil (strain BR/90) (4). The neurovirulences of FGA/89 and
BR/90 in mice differ (4). To identify the major target cells of
DEN virus infection within the central nervous system, a lethal
dose of FGA/89 or BR/90 was administered to newborn Swiss
mice by the intracerebral route. Immunohistochemical analysis
of the mouse brain sections showed that neurons were positive
for DEN viral antigens after 9 days of infection (9). Neurolysis
was apparent when DEN virus-infected mice manifested signs
of severe encephalitis 12 days after infection (9).

To study the susceptibility of neurons to DEN virus infec-
tion, replication rates of FGA/89 and BR/90 in the murine
neuroblastoma cell line Neuro 2a were analyzed. Human iso-
lates of DEN-1 virus cloned in the mosquito AP61 cell line
were produced in AP61, purified on sucrose gradients, and
titrated on AP61 cells (4). In these experiments, Neuro 2a cell
monolayers were infected with FGA/89 or BR/90 such that
80% of cells were infected within 1 day as determined by an
immunofluorescence assay using anti-DEN virus hyperimmune
mouse ascites fluid (HMAF). Mortality of Neuro 2a cells in
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which FGA/89 or BR/90 was replicating was 5% by 30 h postin-
fection and 75% after 40 h as determined by Trypan Blue dye
exclusion.

Morphological changes in DEN virus-infected Neuro 2a
cells were examined by an immunofluorescence assay. Infected
cells displayed the characteristics typical of adherent cells un-
dergoing programmed cell death (apoptosis), becoming
rounded and condensed. In addition, treatment with the DNA
intercalator propidium iodide (PI) revealed extensive conden-
sation of chromatin into several dense masses, characteristic of
apoptosis (Fig. 1C and E). Electron microscopy confirmed
morphological changes, including chromatin margination
along the inner nuclear membrane and membrane blebbing
(data not shown). Apoptotic cell death in DEN virus-infected
Neuro 2a cells was verified by a DNA fragmentation assay (2).
Cell monolayers in 25 cm? flasks (10° cells) were lysed by
incubation for 1 h in 0.5 ml of Tris-EDTA (TE) buffer (pH 7.4)
containing 0.2% Triton X-100 and proteinase K (100 pg/ml),
and the cell lysates were centrifuged at 15,000 X g for 15 min.
Total soluble DNA in the supernatant was precipitated by
addition of 2.5 M NaCl, 10 pg of glycogen, and 1 volume of
isopropyl alcohol and incubation for 1 h at —20°C. The DNA
precipitates were recovered by centrifugation, air dried, and
resuspended in 50 pl of TE buffer containing RNase A (100
pg/ml). Five microliters of 20% sodium dodecyl sulfate (SDS)
and 5 pl of gel-loading solution were added, and samples were
heated at 65°C for 10 min. These DNA samples (25 nl) were
analyzed by 1.5% agarose gel electrophoresis and ethidium
bromide staining. Internucleosomal DNA cleavage into frag-
ments of 180 to 200 bp in DEN virus-infected Neuro 2a cells
was clearly observed after 40 h of infection (Fig. 2A).

Addition of 100 uM aurintricarboxylic acid (ATA), an in-
hibitor of nucleases, inhibits fragmentation of PC12 cell DNA
after serum deprivation (1). To test whether ATA prevents the
apoptotic DNA fragmentation in DEN virus-infected Neuro 2a
cells, cultures were incubated in the presence of 100 uM ATA
20 h after infection. Approximately 95% of infected Neuro 2a
cells treated with ATA excluded Trypan Blue at 40 h postin-
fection. ATA did not interfere with viral protein synthesis since
the production of protein E was maintained in ATA-treated
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FIG. 1. Morphological changes in DEN virus-infected Neuro 2a cells. Neuro 2a cell monolayers infected with FGA/89 (C and D) or BR/90 (E and F) or mock
infected (A and B) were fixed with 3% paraformaldehyde in PBS 40 h postinfection and permeabilized with 0.1% Triton X-100 in PBS (4). Intracellular DEN virus
protein E was visualized with MAb 9D12 and nuclei were stained with PI as previously described (4, 5). Infected cells with condensed chromatin are indicated (arrows).
The endonuclease inhibitor ATA (100 uM) was added (+ ATA) or was not added (— ATA) 20 h postinfection. Original magnification, ca. X200.

cells (Fig. 1D and F). Internucleosomal DNA degradation was
greatly reduced in ATA-treated Neuro 2a cells infected with
FGA/89 or BR/90 40 h postinfection (Fig. 2B). Death of in-
fected Neuro 2a cells treated with ATA 50 h postinfection
appears to be due to DEN virus-induced necrosis (data not
shown). These results suggest that apoptotic cell death re-

quired DEN virus-stimulated endonuclease activity in mouse
neuroblastoma cells. Thus, induction of apoptosis by DEN
virus infection results in rapid neuronal death.

The VERO cell line, a common substrate for growth of
DEN virus, was assayed for susceptibility to DEN virus-in-
duced apoptosis. VERO cells were infected with FGA/89 or
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FIG. 2. Effect of DEN virus infection on DNA fragmentation. (A) Soluble DNAs were extracted from Neuro 2a or VERO cell lysates 40 h after mock infection
(M.L.) or infection with the indicated DEN virus. (B) ATA (100 uM) was (+) or was not (—) added to DEN virus-infected Neuro 2a cells 20 h postinfection, and DNA

fragmentation was observed after 40 h. The sizes of DNA markers are indicated.

BR/90 such that at least 75% of cells were infected within 1
day, as determined by immunofluorescent detection of viral
proteins (data not shown). Nucleosome laddering was not ob-
served in DEN virus-infected VERO cells 40 h postinfection
(Fig. 2A). The viability of DEN virus-infected VERO cells
declined only after 72 h of infection. The slower progression of
DEN virus-induced cell lysis and the absence of DNA frag-
mentation 4 days postinfection suggested that VERO cell
death involved necrosis rather than apoptosis (data not shown)
(2). These observations indicate that different cell lines exhibit
different susceptibilities to DEN virus infection.

To determine the time course of apoptotic DNA degrada-
tion in DEN virus-infected Neuro 2a cells, the method of
terminal deoxyterminal transferase-mediated dUTP-biotin
nick-end labeling (TUNEL) was used (10). Cells were fixed
with 3% paraformaldehyde in phosphate-buffered saline
(PBS)-95% ethanol, and internucleosomal DNA cleavage was
detected by specific labeling of free 3'-OH DNA termini with
biotinylated dUTP in the presence of terminal deoxyterminal
transferase and fluorescein-streptavidin (8). DNA breaks in
nuclei of FGA/89- and BR/90-infected Neuro 2a cells were
visualized 25 h after infection and were more numerous by 30
h (Fig. 3). Apoptotic cell death was observed to occur in only
a small number of DEN virus-infected cells. This may be due
to the brevity of morphological changes that contribute to
apoptotic cell death (7).

Interestingly, apoptotic DNA degradation was more pro-
nounced in Neuro 2a cells infected with BR/90 than in those
infected with FGA/89 (Fig. 3). FGA/89 and BR/90 have dif-
ferent infectivities for Neuro 2a cells (9). To determine
whether there is a causal relationship between DEN virus
replication and apoptosis, Neuro 2a cells were infected at var-
ious multiplicities of infection and apoptotic DNA degradation
was monitored by PI staining 30 h postinfection. The propor-
tion of FGA/89-infected Neuro 2a cells in an apoptotic state
increased in a virus dose-dependent manner to 15% at the
highest multiplicity of infection tested (Table 1). In contrast,

more than 20% of BR/90-infected Neuro 2a cells exhibited
apoptotic DNA degradation at each multiplicity of infection
examined.

We investigated whether the higher cytotoxicity of BR/90 for
Neuro 2a cells could be attributed to differences in viral pro-
tein production. A radioimmunoprecipitation assay was used
to study the synthesis of viral proteins in infected Neuro 2a
cells which had been pulse-labeled for 30 min at various times
postinfection. The time course of viral protein synthesis was
similar in Neuro 2a cells infected with FGA/89 to that in those
infected with BR/90 (Fig. 4A). The major DEN proteins were
first detected 15 h after infection and peaked by 20 to 25 h.
Thus, apoptosis was triggered by DEN virus when viral pro-
teins began to accumulate in the host Neuro 2a cells. No

TABLE 1. Proportion of Neuro 2a cells in the apoptotic state
following various multiplicities of DEN virus infection

Infected cells in

b
Infected cells apoptotic state®

Virus MO

(%) (= SD) (%) (= SD)
FGA/89 50 11+3 <1
100 27+2 4+2
200 47+5 9+ 4
400 77+ 1 15+1
BR/%0 5 10+2 15+5
10 26+ 2 2342
20 51+ 4 2342
40 78 + 4 2342

“ MOI, multiplicity of infection. Neuro 2a cell monolayers were infected with
various AP61 focus-forming units of DEN virus per cell.

b The proportion of cells positive for viral antigens in infected cultures 30 h
postinfection was determined by an immunofluorescence assay using anti-DEN
virus hyperimmune mouse ascites fluid.

¢ The proportion of infected Neuro 2a cells with chromatin condensation was
determined by PI staining. Spontaneous PI uptake in control cultures was less
than 3%.
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FIG. 3. Time course of DNA fragmentation in Neuro 2a cells infected with DEN viruses. Apoptotic DNA degradation was visualized by TUNEL staining by using
fluorescein-conjugated streptavidin (magnification, ca. X40). The lower panels show the nuclei magnified (magnification, ca. X200).

obvious differences in viral protein processing between
FGA/89 and BR/90 were observed (Fig. 4A). Several observa-
tions suggest that secretion of flavivirus envelope (E) protein
requires dimerization with the precursor of the membrane
protein prM (4, 16, 32). Radiolabeled viral proteins were
tested for their reactivity with anti-prM monoclonal antibody
(MADb) 15H5, and prM was associated with E in FGA/89-
infected Neuro 2a cells (Fig. 4B). In contrast, prM was not
associated with E in BR/90-infected Neuro 2a cells (Fig. 4B).
As the amino acid sequence differences between the structural
proteins of FGA/89 and BR/90 are essentially restricted to
protein E (4), we investigated whether BR/90 E protein was
misfolded or incorrectly matured in mouse neuroblastoma
cells. To study the folding of BR/90 protein E in Neuro 2a cells,
radiolabeled proteins were immunoprecipitated with anti-E
MAbs 8C2, 4D2, and 2C5. These MAbs are equally reactive
with E proteins of either DEN-1 virus particles produced in
AP61 cells (4). MAD 8C2 binds a linear epitope in domain A
(19), whereas MAb 4D2 binds to a conformational epitope on

the mature virion; MAb 2C5 is most reactive with the intra-
cellular form of protein E (4). MAb 8C2 recognized newly
synthesized FGA/89 and BR/90 E proteins equally well (Fig.
4C). In contrast, the immunoreactivities of MAbs 4D2 and 2C5
with BR/90 E protein were significantly lower than they were
with FGA/89 E protein, suggesting that BR/90 E protein does
not mature properly (Fig. 4C).

We investigated whether a defect in the processing of enve-
lope proteins alters BR/90 morphogenesis. No infectious
BR/90 particles were detected in the culture media of infected
Neuro 2a cells, whereas FGA/89 was released at a rate of about
1 AP61 focus-forming unit per h per cell 25 h postinfection. By
electron microscopy, we found a large number of FGA/§9
particles within the endoplasmic reticulum (ER) but no BR/90
particles (data not shown). As DEN virus assembly takes place
within the ER (11), the absence of virion formation may be
associated with greater accumulation of BR/90 proteins than
FGA/89 proteins in cell membranes. Thus, DEN virus-induced
apoptosis appears to be due to the accumulation of viral pro-
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FIG. 4. Analysis of viral protein synthesis in Neuro 2a cells. Neuro 2a cells were infected with FGA/89 (multiplicity of infection [MOI] of 400) or BR/90 (MOI of
40) or mock infected (M.L). Cells were labeled for 30 min at various times postinfection (A) or for 180 min 20 h postinfection (B and C) with 250 p.Ci of [**S]Translabel
(ICN) as previously described (4, 5). Cell lysates in radioimmunoprecipitation assay buffer were analyzed by radioimmunoprecipitation with anti-DEN virus
hyperimmune mouse ascites fluid (HMAF) (A) or MAbs (B and C) and electrophoresis in SDS-15% polyacrylamide gels as previously described (4-6). (A)
Pulse-labeled proteins were immunoprecipitated with anti-DEN-1 virus HMAF. Viral proteins E, prM, and NS1 are indicated. The positions of protein markers and
their sizes are indicated. (B) Protein prM was tested with anti-prM MADb 15H5. (C) Protein E was tested with anti-E MAbs 8C2, 4D2, and 2C5.

teins in cell membranes rather than to virus assembly and
release.

To exclude the possibility that apoptosis is triggered by DEN
virus-induced cell membrane injury, we determined whether
the plasma membrane Na*-K*-ATPase (Na™ pump) activity
was maintained in infected Neuro 2a cells. Cells were labeled
with K*-free PBS containing 5 mM RbCl and 0.5 wCi of *Rb
per pmol of RbCl for 20 min (5, 6). The Na™ pump activity was
defined as the difference between the uptakes of **Rb in the

presence and absence of 10 mM ouabain, a specific Na*-K™-
ATPase activity inhibitor. The Na* pump activity in DEN
virus-infected Neuro 2a cells 24 h postinfection was similar to
that in mock-infected cells (30 pmol of K* uptake per min per
mg of protein). Thus, DEN virus-induced apoptosis is not
initiated by damage to the plasma membrane. This is consis-
tent with the finding that apoptosis was initiated by an intra-
cellular stress triggered by DEN virus replication.

We sought to identify the signals by which DEN virus infec-
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tion induces apoptosis in Neuro 2a cells. Many biochemical
pathways may be involved in apoptotic cell death, and apopto-
sis often requires the action of numerous proteases, including
lamina protease, interleukin-1 B-converting enzyme-like pro-
teases (prICE), apopain, and calpain (8, 12, 17, 18, 22, 29). To
determine whether proteases are involved in the DEN virus-
induced apoptosis, Neuro 2a cells infected with FGA/89 or
BR/90 were incubated 20 h postinfection with a variety of
cysteine and serine protease inhibitors (29). For protease in-
hibitor peptide analysis, cells were permeabilized by a short
glycerol shock. At concentrations having a minimal effect on
the viability of mock-infected Neuro 2a cells, acetyl-leucyl-
leucyl-normethional leupeptin (100 wM), epoxysuccinyl com-
pound E-64 (500 wM), calpain inhibitor peptide, phenylmeth-
ylsulfonyl fluoride (500 wM), and 3,4-dichloroisocoumarin (20
wM) all failed to prevent DEN virus-induced apoptotic cell
death 40 h postinfection (data not shown). This suggests that
protease-dependent pathways are not necessary for apoptosis
triggered by DEN virus infection.

To determine whether cellular RNA transcription is re-
quired for DEN virus-induced apoptosis, DEN virus-infected
Neuro 2a cells were incubated with actinomycin D 15 h postin-
fection. Actinomycin D at 80 nM, a concentration having no
significant effect on the viability of mock-infected Neuro 2a
cells, inhibited cell RNA synthesis by only 75% and did not
prevent apoptotic cell death 40 h postinfection as monitored by
PI staining (data not shown).

Apoptotic pathways may include continuous production of
Fos-related antigen proteins, the components of DNA binding
activity that recognize AP-1 sites in gene promoters (20, 26,
31). AP-1 DNA binding activity in nuclear extracts from DEN
virus- and mock-infected Neuro 2a cells was tested by an elec-
trophoretic mobility shift assay using a **P-labeled oligonucle-
otide with a consensus AP-1 binding site (23). There was no
detectable AP-1-DNA activity in lysates of Neuro 2a cells
infected with DEN virus 25 h postinfection (data not shown).

Oxidative stress induces apoptosis in neuroblastoma cells
(27). Oxygen radicals are involved as messengers in the acti-
vation of transcription factor NF-«kB in the cytoplasm, which
may in turn activate genes involved in programmed cell death
(15, 20, 30). We investigated whether the apoptotic pathway
involved radical oxygen intermediates and thus whether NF-xB
was activated in Neuro 2a cells infected with FGA/89 or BR/90.
Antioxidant N-acetyl-L-cysteine (15 mM) did not prevent ap-
optotic cell death in infected Neuro 2a cells (data not shown)
(15). However, DNA binding activities of NF-kB were similar
in mock- and DEN virus-infected Neuro 2a cells 25 h postin-
fection (Fig. 5). Thus, there was no evidence for an association
among apoptotic cell death in DEN virus-infected Neuro 2a
cells, oxidative stress, and direct activation of NF-«B.

The ability of the ER-resident viral proteins to activate
NF-kB (24) led us to test the possibility that DEN virus rep-
lication could prevent NF-«B activation in Neuro 2a cells. The
ER stress-inducing agent thapsigargin, which activates NF-«kB
(23), was added to infected cells after 20 h of infection. As
shown by an electrophoretic mobility shift assay with an NF-«kB
probe, a new, more slowly migrating DNA-protein complex
was observed 25 h postinfection in nuclear extracts prepared
from DEN virus-infected Neuro 2a cells treated with thapsi-
gargin (Fig. 5). This suggests that NF-kB expression is not
down-regulated by DEN virus infection. However, DEN virus
replication in Neuro 2a cells enhanced the thapsigargin-in-
duced NF-«kB activity (Fig. 5). Thus, the ER-resident DEN
proteins may act synergistically with thapsigargin to enhance
the ER stress-mediated NF-kB induction. Interestingly, thap-
sigargin, which is also an inhibitor of the ER Ca®?* ATPase,
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FIG. 5. DEN virus replication does not activate NF-kB in Neuro 2a cells.
Nuclear extracts in Totex buffer from DEN virus- or mock-infected Neuro 2a
cells 25 h postinfection were prepared as previously described (23). As a positive
control of NF-kB activation, mock- or DEN virus-infected cells were treated 20
h postinfection with 1 wM thapsigargin for 5 h. Equal amounts of protein (4 pg)
were tested in an electrophoretic mobility shift assay with 32P-5’-end-radiola-
beled oligonucleotide containing a consensus NF-«B site. The specificity of the
retarded complexes was assessed by preincubating extract with a 50-fold excess of
unlabeled NF-«kB or an unrelated AP-1 probe.

increased the proportion of DEN virus-infected Neuro 2a cells
in an apoptotic state threefold by 28 h of infection (data not
shown). Moreover, the levels of ER-resident 78-kDa glucose-
regulated protein (GRP78/BiP) were increased in DEN virus-
infected Neuro 2a cells (data not shown). The overexpression
of GRP78/BiP may be a response to the accumulation of viral
proteins within the ER. GRP78/BiP is implicated in calcium
sequestration (28). These observations suggest that DEN virus-
induced ER stress may contribute to apoptotic cell death by
acting on the calcium signalling pathways (3). A high intracel-
lular concentration of Ca®>* promotes DNA degradation by
direct stimulation of Ca®*- and Mg?*-dependent endonucle-
ases and also affects the dynamic organization of myosin (2, 3,
25, 33). In a preliminary study, we observed progressive dis-
ruption of the actin cytoskeleton but not of microtubules in
DEN virus-infected Neuro 2a cells. We are currently investi-
gating whether calcium signalling pathways are involved in
triggering apoptosis in mouse neuroblastoma cells infected
with DEN virus.
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