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investigating the induction of central nervous system (CNS) infection with DENV, followed by the
progression of acute viral encephalitis-like disease.

INTRODUCTION:

DENV, an arthropod-borne virus of the Flaviviridae family, contains a positive-sense RNA genome
that encodes three viral structural proteins (capsid, premembrane, and envelope) and seven viral
nonstructural proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5). The four serotypes of
DENV (DENV1-4), which infect approximately 390 million people annually, cause a global burden
even though governments have directed substantial efforts toward mosquito vector and disease
control. Currently, protective vaccines and therapeutic antiviral drugs are under development
and require further long-term validation?. In clinical practice, although a dengue patient with CNS
infection is rare, it needs to be further explored to understand the diversity of dengue disease
development?. Further investigation and validation are needed; notably, the World Health
Organization (WHO) has included the involvement of CNS impairment, such as cognitive
impairment, convulsions, encephalopathy, and encephalitis, in the classification of severe
dengue3?. Constructing animal models of DENV infection is indispensable for exploring the
neuropathogenesis of DENV infection.

For generating CNS infection by DENV, several studies have executed different routes of DENV
infection, including (1) intracerebral inoculation of C57BL/6 mice who received 4 x 103 plaque-
forming units (PFU) of nonadapted DENV3>%, (2) intraperitoneal inoculation of BALB/c mice who
received 7 x 10* PFU of in vitro neuroadapted DENV4’, (3) intracerebral inoculation of Swiss mice
who received 1 x 10° PFU of in vivo neuroadapted DENV1% and (4) intracerebral and
intraperitoneal co-inoculation of ICR suckling mice who received 1 x 10°® PFU of nonadapted
DENV2°. According to the findings of these studies®>, DENV infection in mice result in viral
replication in the brain, leading to acute viral encephalitis-like syndromes, behavioral changes
accompanied by limb paralysis and postural instability, CNS neurotoxicity and inflammation,
general and localized plasma leakage through the blood-brain barrier (BBB), and lethality. All the
results from these studies®™ have shown the ability of DENV to infect the CNS and the induction
of acute viral encephalitis-like disease following infection.

Based on our current findings®>*°, we have created a murine model of DENV infection as an in
vivo platform to examine the therapeutic efficacy of targeted agents/factors against viral
replication, as well as neurotoxicity. Here, we report the protocol utilized to create an
immunocompetent outbred ICR mouse to study CNS infection and to monitor the development
of neuropathies with different severities caused by DENV. The results show the significant
progression of encephalitis-like disease in DENV-infected mice in a time-dependent manner.

PROTOCOL:

Experimental protocols of animal study were approved by the Institutional Animal Care and User
Committee of the National Defense Medical Center (IACUC number: 16-261), according to
guidelines established by the Ministry of Science and Technology, Taiwan.

1. Infection procedure
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1.1. Prepare nonadapted DENV2 (strain PLO46) stocks® (originally obtained from the Centers for
Disease Control in Taiwan, ranging from 2.5 x 107 to 1 x 10° PFU/mL).

1.2. Dilute the virus stock to 1 x 10° PFU with Roswell Park Memorial Institute (RPMI) 1640
medium to a total volume of 40 pL.

1.3. Fill one 0.3 mL syringe fitted with a 30 G needle with 10 pL (2.5 x 10> PFU) of diluted virus,
and fill another 0.3 mL syringe fitted with a 30 G needle with 30 pL (7.5 x 10° PFU) of diluted virus.

1.4. Hold the 7-day-old ICR suckling mouse and conduct the following steps.

1.4.1. For the intracerebral injection, hold the mouse in a prone position by pressing the auricle
between the index finger and thumb, and intracerebrally inject 10 uL of diluted virus into the
lambda area, the point at the intersection of the sagittal and lambdoid suture?®.

1.4.2. After the intracerebral injection, hold the mouse in a supine position by using the index
finger and thumb and intraperitoneally inject 30 pL of diluted virus gently into the murine
abdomenl.

NOTE: To avoid cannibalism, 75% alcohol is used to create a temporary loss of the mother’s
olfactory sensation. Additionally, covering the litters with their mother’s stool and urine is
suggested.

1.5. Lay the suckling mice back in their cages and wait for 5 min to check their safety
poststimulation with the avidity of mice, including walking and mother milk sucking.

NOTE: Most often, mice demonstrate normal activity poststimulation and there does not seem
to be any harmful effects following the technical challenge. During this experiment, the animals
were maintained by the Institutional Animal Care and User Committee of the National Defense
Medical Center, Taiwan.

1.6. Evaluate the daily progress of the mice in terms of body weight (by using a microgram
balance), acute viral encephalitis-like disease (by disease scoring as described in section 2), and
survival rate®5,

2. Disease scoring

2.1. Monitor the grade of acute viral encephalitis-like illnesses. Assign a score of 0 to healthy
mice; 1 to mice with minor illness symptoms, including weight loss, reduced mobility, and a
hunchback body orientation; 2 to mice that exhibit limbic seizure; 3 to mice the exhibit limbic
weakness, including moving with difficulty and anterior limb or posterior limb weakness; 4 for
paralysis; 5 for death.
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NOTE: Once the score reaches 3, the disease symptoms are considered to be evolving rapidly.

2.2. Plot the scoring of the disease, according to step 2.1, for each day as a curve-based figure by
using the mean = SD of the daily test scores in each group.

REPRESENTATIVE RESULTS:

Severe dengue-associated neurological complications have been reported in patients for dengue
pathogenesis?. Although these cases are rare in the clinic, creating an immunocompetent murine
model of DENV infection can be used not only for studying immunopathogenesis but also for
exploring CNS infection, neuroinflammation, neurotoxicity, and acute viral encephalitis-like
disease. In this study, according to our current model®*>, 7-day-old ICR suckling mice were
inoculated concurrently with DENV2 through an intracerebral microinjection (2.5 x 10° PFU) and
an intraperitoneal injection (7.5 x 10> PFU) (Figure 1). Following infection, we performed
numerous analyses to show the presence of dsRNA replication, viral protein expression, and virus
release in the DENV-infected brain®°. These experiments demonstrated that a successful in vivo
model of DENV infection, replication, and release has been established.

To evaluate the induction of acute viral encephalitis-like illnesses®=*, we monitored the changes
in body weight in DENV-infected mice. Compared with the body weight changes in the mock
group (where the mice were inoculated with RPMI medium only), Figure 2 shows an increase in
the mock group but a significant (P < 0.01) decrease in body weight in the infected mice.
According to the symptoms of encephalitis-like illnesses, including hunchback posture, limbic
seizure, limbic weakness, paralysis, and death, as manifested in DENV-infected mice, Figure 3
shows a significant (P < 0.05) increase in clinical score in the DENV-infected mice. The survival
assay in Figure 4 shows a time-dependent reduction in the survival rate (P < 0.001) of the DENV-
infected mice. The data indicate the establishment of an infectious model of DENV in the CNS,
which shows the progression of acute viral encephalitis-like illnesses.

FIGURE LEGENDS:

Figure 1: Experimental design for dengue virus (DENV) infection in suckling mice. Seven-day-
old ICR suckling mice were inoculated with DENV2 PL046 by concurrent intracranial and
intraperitoneal injections. We measured changes in body weight, disease score, and mortality.

Figure 2: The body weight in suckling mice during dengue virus (DENV) infection. In DENV2-
infected ICR suckling mice (n = 12), changes in body weight were measured per day. Following a
Wilcoxon signed-rank test, the values are presented as the mean * SD. **p < 0.01.

Figure 3: The encephalitic disease score in suckling mice during dengue virus (DENV) infection.
Following DENV2 infection in ICR suckling mice (n = 12), time-kinetic changes in clinical scores for
hunchback posture (score 1), limbic seizure (score 2), limbic weakness (score 3), paralysis (score
4), and death (score 5) were measured. Following a Wilcoxon signed-rank test, the values are
presented as the mean * SD. *p < 0.05.
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Figure 4: The survival rate in suckling mice during dengue virus (DENV) infection. Time-kinetic
changes in survival rates were measured in DENV2-infected ICR suckling mice (n = 12). Following
a log-rank test, the values are presented as the mean + SD. ***p < 0.001.

DISCUSSION:

DENV infection has been detected in the CNS of severe dengue patients®'’, suggesting the
possibility of the manifestation of acute viral encephalitis occurred during dengue pathogenesis.
Here, we report an in vivo murine model of DENV infection for studying the involvement of CNS
dysfunction in severe dengue, particularly with a focus on DENV-induced acute viral encephalitis-
like illnesses. As compared with the previous models, particularly for one-route infection
(intravenous only, intraperitoneal only, or intracerebral only), an extremely high titer (1 x 102
PFU) of DENV is utilized in immunocompetent mice. However, in immunocompromised mice, a
relatively low but variant titer (1 x 10° to 1 x 10® PFU) of DENV can be performed?*®20, In this
study, we used two-route infection to induce concurrent CNS and systemic infection with a low
titer (intracranial: 2.5 x 10> PFU; intraperitoneal: 7.5 x 10° PFU) of DENV in immunocompetent
ICR suckling mice. The progression of encephalitis-like disease is completely reproducible®?'>, The
possible limitation of this study is, therefore, mitigated by using a concurrent intracranial and
intraperitoneal injection. Although it is artificial—however, consistent with previous works by
others®® and us®>—DENV is actively replicated in the experimental murine brain®?*°, and the
possible effects of viral factors and host responses on neuroinflammation, as well as
neurotoxicity, are, therefore, of interest.

For neuropathogenesis, the stimulation of neuronal cell apoptosis is triggered by DENV infection
as well as CNS inflammation, such as microglial cell activation followed by proinflammatory
cytokine tumor necrosis factor-a (TNF-a) production®'21>, Direct neurotoxicity caused by DENV
infection and indirect neuroinflammation initiated by host immune responses are speculated to
be involved in dengue encephalitis. Acute viral encephalitis is caused by virus-induced CNS
inflammation of the brain®2?'. Common clinical symptoms are a high fever, headache, stiff neck
and back, vomiting, and confusion, while severe cases also develop seizures, paralysis, and
coma?!, By monitoring the changes in scores with hunchback posture, limbic seizure, limbic
weakness, paralysis, and death, the development of these illnesses shows the progression of
acute viral encephalitis-like disease in DENV-infected mice®*°. Generally, those DENV-infected
mice with a score of 3 (according to the disease scoring method presented in the protocol) rapidly
progressed to paralysis and death. The pathogenic mechanisms causing these illnesses require
further investigation; however, it is speculated that neuronal dysfunction followed by
neuropathy induction is involved?!. Targeting viral replication, as well as TNF-a-mediated CNS
inflammation%4, at least in part, confers therapeutic effects against the progression of dengue-
associated acute viral encephalitis-like disease. The protocol of this study could be used for
creating an encephalitis-like pathological model of DENV infection.

Some studies have described the induction of intracerebral hemorrhage induced by DENV
infection in the brain??>%3. We previously showed the induction of BBB disruption in DENV-
infected mice®. Although DENV is not recognized as a neurotropic virus, DENV can produce an
effective infection in neuronal cells in vivo and in vitro®!l. Dopamine D2 receptor (D2R) is
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speculated to be a neuronal receptor for DENV infection, and pharmacologically targeting D2R
effectively reduces DENV infection in neuronal cells in vivo and in vitro, as well as DENV-induced
encephalitic illnesses'®?*, Possible therapeutic strategies against acute viral encephalitis are
important to develop so that severe dengue cases with neurological complications can be
treated. For its future application, this protocol of a disease model using DENV infection in the
brain may become an in vivo platform to screen not only the viral and host factors associated
with neuropathogenesis but also possible antiviral and anti-encephalitic drugs. Regarding the
incidence of variant neurological disorders caused by DENV infection?® by this established
protocol, the difference between the variable types and/or strains of DENV for causing
neurological dysfunction is needed for validation.

ACKNOWLEDGMENTS:
This study was supported by grants from the Ministry of Science and Technology (MOST107-
2321-B-038-001) and the intramural funding 106 TMU-CIT-01-2, Taipei, Taiwan.

DISCLOSURES:
The authors have nothing to disclose.

REFERENCES

1. Guzman, M. G., Gubler, D. J., Izquierdo, A., Martinez, E., Halstead, S. B. Dengue infection. Nature
Reviews Disease Primers. 2, 16055, doi:10.1038/nrdp.2016.55 (2016).

2. Katzelnick, L. C., Coloma, J., Harris, E. Dengue: knowledge gaps, unmet needs, and research
priorities. Lancet Infectious Diseases. 17 (3), e88-e100, doi:10.1016/51473-3099(16)30473-X
(2017).

3. Carod-Artal, F. J., Wichmann, O., Farrar, J., Gascon, J. Neurological complications of dengue
virus infection. Lancet Neurology. 12 (9), 906-919, doi:10.1016/51474-4422(13)70150-9 (2013).
4. Geneva: World Health Organization. Dengue: Guidelines for Diagnosis, Treatment, Prevention
and Control: New Edition. WHO Guidelines Approved by the Guidelines Review Committee (2009).
5. Amaral, D. C. et al. Intracerebral infection with dengue-3 virus induces meningoencephalitis
and behavioral changes that precede lethality in mice. Journal of Neuroinflammation. 8, 23,
doi:10.1186/1742-2094-8-23 (2011).

6. de Miranda, A. S. et al. Dengue-3 encephalitis promotes anxiety-like behavior in mice.
Behavioural Brain Research. 230 (1), 237-242, doi:10.1016/j.bbr.2012.02.020 (2012).

7. Velandia-Romero, M. L., Acosta-Losada, O., Castellanos, J. E. In vivo infection by a neuroinvasive
neurovirulent dengue virus. Journal of Neurovirology. 18 (5), 374-387, d0i:10.1007/s13365-012-
0117-y (2012).

8. Despres, P., Frenkiel, M. P., Ceccaldi, P. E., Duarte Dos Santos, C., Deubel, V. Apoptosis in the
mouse central nervous system in response to infection with mouse-neurovirulent dengue viruses.
Journal of Virology. 72 (1), 823-829 (1998).

9. Tsai, T. T. et al. Microglia retard dengue virus-induced acute viral encephalitis. Scientific Reports.
6, 27670, doi:10.1038/srep27670 (2016).

10. Cheng, Y. L. et al. Activation of Nrf2 by the dengue virus causes an increase in CLEC5A, which
enhances TNF-alpha production by mononuclear phagocytes. Scientific Reports. 6, 32000,
d0i:10.1038/srep32000 (2016).

Page 5 of 6 revised November 2017



265
266
267
268
269
270
271
272
273
274
275
276
277
278
279
280
281
282
283
284
285
286
287
288
289
290
291
292
293
294
295
296
297
298
299
300
301
302
303
304
305
306

11. Ho, M. R. et al. Blockade of dengue virus infection and viral cytotoxicity in neuronal cells in
vitro and in vivo by targeting endocytic pathways. Scientific Reports. 7 (1), 6910,
doi:10.1038/s41598-017-07023-z (2017).

12. Jhan, M. K. et al. Anti-TNF-alpha restricts dengue virus-induced neuropathy. Journal of
Leukocyte Biology. 104 (5), 961-968, d0i:10.1002/JLB.MA1217-484R (2018).

13. Kao, J. C. et al. The antiparasitic drug niclosamide inhibits dengue virus infection by interfering
with endosomal acidification independent of mTOR. PLoS Neglected Tropical Diseases. 12 (8),
0006715, doi:10.1371/journal.pntd.0006715 (2018).

14. Tsai, T. T., Chen, C. L., Tsai, C. C,, Lin, C. F. Targeting heat shock factor 1 as an antiviral strategy
against dengue virus replication in vitro and in vivo. Antiviral Research. 145, 44-53,
doi:10.1016/j.antiviral.2017.07.008 (2017).

15. Jhan, M. K. et al. Dengue virus infection increases microglial cell migration. Scientific Reports.
7 (1), 91, doi:10.1038/s41598-017-00182-z (2017).

16. Benskey, M. J., Manfredsson, F. P. Intraparenchymal Stereotaxic Delivery of rAAV and Special
Considerations in Vector Handling. Methods in Molecular Biology. 1382, 199-215,
d0i:10.1007/978-1-4939-3271-9_14 (2016).

17. Fong, C. Y. et al. Mild encephalitis/encephalopathy with reversible splenial lesion (MERS) due
to dengue virus. Journal of Clinical Neuroscience. 36, 73-75, doi:10.1016/j.jocn.2016.10.050
(2017).

18. Sarathy, V. V. et al. A lethal murine infection model for dengue virus 3 in AG129 mice deficient
in type | and Il interferon receptors leads to systemic disease. Journal of Virology. 89 (2), 1254-
1266 (2015).

19. Schul, W., Liu, W,, Xu, H. Y., Flamand, M., Vasudevan, S. G. A dengue fever viremia model in
mice shows reduction in viral replication and suppression of the inflammatory response after
treatment with antiviral drugs. The Journal of Infectious Diseases. 195 (5), 665-674 (2007).

20. Tyler, K. L. Acute Viral Encephalitis. New England Journal of Medicine. 379 (6), 557-566,
doi:10.1056/NEJMral1708714 (2018).

21. Yauch, L. E., Shresta, S. Mouse models of dengue virus infection and disease. Antiviral
Research. 80 (2), 87-93 (2008).

22. Assir, M. Z., Jawa, A., Ahmed, H. |. Expanded dengue syndrome: subacute thyroiditis and
intracerebral hemorrhage. BMC Infectious Diseases. 12, 240, doi:10.1186/1471-2334-12-240
(2012).

23. Kumar, R., Prakash, O., Sharma, B. S. Intracranial hemorrhage in dengue fever: management
and outcome: a series of 5 cases and review of literature. Surgical Neurology. 72 (4), 429-433,
d0i:10.1016/j.surneu.2009.01.021 (2009).

24. Simanjuntak, Y., Liang, J. J., Lee, Y. L., Lin, Y. L. Repurposing of prochlorperazine for use against
dengue virus infection. Journal of Infectious Diseases. 211 (3), 394-404, doi:10.1093/infdis/jiu377
(2015).

25. Rocha, B. A. M. et al. Dengue-specific serotype related to clinical severity during the
2012/2013 epidemic in centre of Brazil. Infectious Disease Poverty. 6 (1), 116,
do0i:10.1186/s40249-017-0328-9 (2017).

Page 6 of 6 revised November 2017



Figure 1 Click here to access/download;Figure;Shen et al Figure 1.tif

Intracerebral (2.5 x 10° pfu)
Intraperitoneal (7.5 x 10° pfu)

y Vv

Day 0 1 2 3 4 5 6 7 8 9 10 11 12

‘ « Body weight
» Disease score

» Mortality


http://www.editorialmanager.com/jove/download.aspx?id=929592&guid=a13b3608-2ab0-472d-aa64-055f05cf86ca&scheme=1
http://www.editorialmanager.com/jove/download.aspx?id=929592&guid=a13b3608-2ab0-472d-aa64-055f05cf86ca&scheme=1

Figure 2 Click here to access/download;Figure;Shen et al Figure 2.tif 2

- MOCK (n=12)
-0~ DENV (n=12)

Body weight (g)

0 1 2 3 4 5 6 7 8 9 10 11 12
Day


http://www.editorialmanager.com/jove/download.aspx?id=929593&guid=52bedc7b-e1cd-4945-8bb7-086e52f1d04d&scheme=1
http://www.editorialmanager.com/jove/download.aspx?id=929593&guid=52bedc7b-e1cd-4945-8bb7-086e52f1d04d&scheme=1

Figure

Disease Score

6

-B= MNOCK (n=12)
5«4=0- DENV (n=12)
4

3

D=L
@ 1T 2 3 4 9 & 7 @ 8§ 1011 12

Day

Click here to access/download;Figure;Shen et al Figure 3.tif =



http://www.editorialmanager.com/jove/download.aspx?id=929594&guid=83c89e5c-5ca1-4459-beb9-8b2a35accd3c&scheme=1
http://www.editorialmanager.com/jove/download.aspx?id=929594&guid=83c89e5c-5ca1-4459-beb9-8b2a35accd3c&scheme=1

Figure 4 Click here to access/download;Figure;Shen et al Figure 4.tif =

100

-~ MOCK (n=12)

_ 804 O~ DENV (n=12)
E
=
= 60
= dede
-
S 40
D
o

20

O 1 2 3 4 5 6 7 8 9 10 11 12
Day


http://www.editorialmanager.com/jove/download.aspx?id=929595&guid=c09adaf9-47d9-4948-8bd8-b9e6d36eeab4&scheme=1
http://www.editorialmanager.com/jove/download.aspx?id=929595&guid=c09adaf9-47d9-4948-8bd8-b9e6d36eeab4&scheme=1

Table of Materials Click here to access/download;Table of Materials;Shen et al Materials 20181109.xls %

Name of Material/ Equipment Company Catalog Number Comments/Description

Roswell Park Memorial Institute

1640 medium (RPMI) Gibco 11875-085 Diluting virus

Intracerebral and intraperitoneal

0.3-mL Insulin Syringe BD Ultra-Fine-II 328838 .

injection
Microbalance METTLER TOLEDQO's LabX AL104 Weight mouse
Non-adapted DENV?2 (strain The Centers for Disease Control Infect mouse
PL046) of Taiwan

Institute of Cancer Research (ICR)

. BioLASCO Taiwan Co., Ltd - Our murine model
suckling mouse


http://www.editorialmanager.com/jove/download.aspx?id=929596&guid=6bf834d7-94ba-401a-8105-16c8b25cb6d4&scheme=1
http://www.editorialmanager.com/jove/download.aspx?id=929596&guid=6bf834d7-94ba-401a-8105-16c8b25cb6d4&scheme=1

Author License Agreement (ALA)

VISUALIZED EXPERMENTS

Click here to access/download;Author License Agreement
(ALA);Shen et al Author License Agreement.pdf -,

ARTICLE AND VIDEO LICENSE AGREEMENT

Title of Article:

Author(s):

/
tem 1: The Author elects to have the Materlals e made available (as described at

http://www.jove.com/publish) via:

Standard Access

Item 2: Please select one of the following items:

D Open Access

The Author is NOT a United States government~employee.

DThe Author is a United States government employee and the Materials were prepared in the
course of his or her duties as a United States government employee.

DThe Author is a United States government employee but the Materials were NOT prepared in the
course of his or her duties as a United States government employee.

ARTICLE AND VIDEO LICENSE AGREEMENT

1. Defined Terms. As used in this Article and Video
License Agreement, the following terms shall have the
following meanings: “Agreement” means this Article and
Video License Agreement; “Article” means the article
specified on the last page of this Agreement, including any
associated materials such as texts, figures, tables, artwork,
abstracts, or summaries contained therein; “Author”
means the author who is a signatory to this Agreement;
“Collective Work” means a work, such as a periodical issue,
anthology or encyclopedia, in which the Materials in their
entirety in unmodified form, along with a number of other
contributions, constituting separate and independent
works in themselves, are assembled into a collective whole;
“CRC License” means the Creative Commons Attribution-
Non Commercial-No Derivs 3.0 Unported Agreement, the
terms and conditions of which can be found at:
http://creativecommons.org/licenses/by-nc-

nd/3.0/legalcode; “Derivative Work” means a work based
upon the Materialg or upon the Materials and other pre-
existing works, such as a translation, musical arrangement,
dramatization, fictionalization, motion picture version,
sound recording, art reproduction, abridgment,
condensation, or any other form in which the Materials may
be recast, transformed, or adapted; “Institution” means
the institution, listed on the last page of this Agreement, by
which the Author was employed at the time of the creation
of the Materials; “JOVE” means Mylove Corporation, a
Massachusetts corporation and the publisher of The Journal
of Visualized Experiments; “Materials” means the Article
and / or the Video; “Parties” means the Author and JoVE;
“Video” means any video(s) made by the Author, alone or
in conjunction with any other parties, or by JoVE or its
affiliates or agents, individually or in collaboration with the
Author or any other parties, incorporating all or any portion

of the Article, and in which the Author may or may not
appear.

2. Background. The Author, who is the author of the
Article, in order to ensure the dissemination and protection
of the Article, desires to have the JoVE publish the Article
and create and transmit videos based on the Article. In
furtherance of such goals, the Parties desire to memorialize
in this Agreement the respective rights of each Party in and
to the Article and the Video.

3 Grant of Rights in Article. In consideration of JoVE
agreeing to publish the Article, the Author hereby grants to
JOVE, subject to Sections 4 and 7 below, the exclusive,
royalty-free, perpetual (for the full term of copyright in the
Article, including any extensions thereto) license (a) to
publish, reproduce, distribute, display and store the Article
in all forms, formats and media whether now known or
hereafter developed (including without limitation in print,
digital and electronic form) throughout the world, (b) to
translate the Article into other languages, create
adaptations, summaries or extracts of the Article or other
Derivative Works (including, without limitation, the Video)
or Collective Works based on all or any portion of the Article
and exercise all of the rights set forth in (a) above in such
translations, adaptations, summaries, extracts, Derivative
Works or Collective Works and(c) to license others to do any
or all of the above. The foregoing rights may be exercised in
all media and formats, whether now known or hereafter
devised, and include the right to make such modifications
as are technically necessary to exercise the rights in other
media and formats. If the “Open Access” box has been
checked in Item 1 above, JoVE and the Author hereby grant
to the public all such rights in the Article as provided in, but
subject to all limitations and requirements set forth in, the
CRC License.
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4. Retention of Rights in Article. Notwithstanding
the exclusive license granted to JoVE in Section 3 above, the
Author shall, with respect to the Article, retain the non-
exclusive right to use all or part of the Article for the non-
commercial purpose of giving lectures, presentations or
teaching classes, and to post a copy of the Article on the
Institution’s website or the Author’s personal website, in
each case provided that a link to the Article on the JoVE
website is provided and notice of JoVE’s copyright in the
Article is included. All non-copyright intellectual property
rights in and to the Article, such as patent rights, shall
remain with the Author.

5. Grant of Rights in Video — Standard Access. This
Section 5 applies if the “Standard Access” box has been
checked in Item 1 above or if no box has been checked in
Item 1 above. In consideration of JoVE agreeing to produce,
display or otherwise assist with the Video, the Author
hereby acknowledges and agrees that, Subject to Section 7
below, JoVE is and shall be the sole and exclusive owner of
all rights of any nature, including, without limitation, all
copyrights, in and to the Video. To the extent that, by law,
the Author is deemed, now or at any time in the future, to
have any rights of any nature in or to the Video, the Author
hereby disclaims all such rights and transfers all such rights
to JoVE.

6. Grant of Rights in Video — Open Access. This
Section 6 applies only if the “Open Access” box has been
checked in Item 1 above. In consideration of JOVE agreeing
to produce, display or otherwise assist with the Video, the
Author hereby grants to JoVE, subject to Section 7 below,
the exclusive, royalty-free, perpetual (for the full term of
copyright in the Article, including any extensions thereto)
license (a) to publish, reproduce, distribute, display and
store the Video in all forms, formats and media whether
now known or hereafter developed (including without
limitation in print, digital and electronic form) throughout
the world, (b) to translate the Video into other languages,
create adaptations, summaries or extracts of the Video or
other Derivative Works or Collective Works based on all or
any portion of the Video and exercise all of the rights set
forth in (a) above in such translations, adaptations,
summaries, extracts, Derivative Works or Collective Works
and (c) to license gthers to do any or all of the above. The
foregoing rights may be exercised in all media and formats,
whether now known or hereafter devised, and include the
right to make such modifications as are technically
necessary to exercise the rights in other media and formats.
For any Video to which this Section 6 is applicable, JoVE and
the Author hereby grant to the public all such rights in the
Video as provided in, but subject to all limitations and
requirements set forth in, the CRC License.

7. Government Employees. If the Author is a United
States government employee and the Article was prepared
in the course of his or her duties as a United States
government employee, as indicated in Item 2 above, and
any of the licenses or grants granted by the Author
hereunder exceed the scope of the 17 U.S.C. 403, then the
rights granted hereunder shall be limited to the maximum
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rights permitted under such statute. In such case, all
provisions contained herein that are not in conflict with
such statute shall remain in full force and effect, and all
provisions contained herein that do so conflict shall be
deemed to be amended so as to provide to JoVE the
maximum rights permissible within such statute.

8. Protection of the Work. The Author(s) authorize
JOVE to take steps in the Author(s) name and on their behalf
if JOVE believes some third party could be infringing or
might infringe the copyright of either the Author’s Article
and/or Video.

9. Likeness, Privacy, Personality. The Author hereby
grants JoVE the right to use the Author’s name, voice,

" likeness, picture, photograph, image, biography and

performance in any way, commercial or otherwise, in
connection with the Materials and the sale, promotion and
distribution thereof. The Author hereby waives any and all
rights he or she may have, relating to his or her appearance
in the Video or otherwise relating to the Materials, under
all applicable privacy, likeness, personality or similar laws.
10. Author Warranties. The Author represents and
warrants that the Article is original, that it has not been
published, that the copyright interest is owned by the
Author (or, if more than one author is listed at the beginning
of this Agreement, by such authors collectively) and has not
been assigned, licensed, or otherwise transferred to any
other party. The Author represents and warrants that the
author(s) listed at the top of this Agreement are the only
authors of the Materials. If more than one author is listed
at the top of this Agreement and if any such author has not
entered into a separate Article and Video License
Agreement with JoVE relating to the Materials, the Author
represents and warrants that the Author has been
authorized by each of the other such authors to execute this
Agreement on his or her behalf and to bind him or her with
respect to the terms of this Agreement as if each of them
had been a party hereto as an Author. The Author warrants
that the use, reproduction, distribution, public or private
performance or display, and/or modification of all or any
portion of the Materials does not and will not violate,
infringe and/or misappropriate the patent, trademark,
intellectual property or other rights of any third party. The
Author represents and warrants that it has and will
continue to comply with all government, institutional and
other regulations, including, without limitation all
institutional, laboratory, hospital, ethical, human and
animal treatment, privacy, and all other rules, regulations,
laws, procedures or guidelines, applicable to the Materials,
and that all research involving human and animal subjects
has been approved by the Author's relevant institutional
review board.

11 JoVE Discretion. If the Author requests the
assistance of JoVE in producing the Video in the Author’s
facility, the Author shall ensure that the presence of JoVE
employees, agents or independent contractors is in
accordance with the relevant regulations of the Author's
institution. If more than one author is listed at the
beginning of this Agreement, JoVE may, in its sole
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discretion, elect not take any action with respect to the
Article until such time as it has received complete, executed
Article and Video License Agreements from each such
author. JOVE reserves the right, in its absolute and sole
discretion and without giving any reason therefore, to
accept or decline any work submitted to JoVE. JoVE and its
employees, agents and independent contractors shall have
full, unfettered access to the facilities of the Author or of
the Author’s institution as necessary to make the Video,
whether actually published or not. JoVE has sole discretion
as to the method of making and publishing the Materials,
including, without limitation, to all decisions regarding
editing, lighting, filming, timing of publication, if any,
length, quality, content and the like.

12. Indemnification. The Author agrees to indemnify
JoVE and/or its successors and assigns from and against any
and all claims, costs, and expenses, including attorney’s
fees, arising out of any breach of any warranty or other
representations contained herein. The Author further
agrees to indemnify and hold harmless JoVE from and
against any and all claims, costs, and expenses, including
attorney’s fees, resulting from the breach by the Author of
any representation or warranty contained herein or from
allegations or instances of violation of intellectual property
rights, damage to the Author’s or the Author’s institution’s
facilities, fraud, libel, defamation, research, equipment,
experiments, property damage, personal injury, violations
of institutional, laboratory, hospital, ethical, human and
animal treatment, privacy or other rules, regulations, laws,
procedures or guidelines, liabilities and other losses or
damages related in any way to the submission of work to
JoVE, making of videos by JoVE, or publication in JoVE or
elsewhere by JoVE. The Author shall be responsible for, and
shall hold JoVE harmless from, damages caused by lack of
sterilization, lack of cleanliness or by contamination due to
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the making of a video by JoVE its employees, agents or
independent contractors. All sterilization, cleanliness or
decontamination procedures shall be solely the
responsibility of the Author and shall be undertaken at the
Author’s expense. All indemnifications provided herein
shallinclude JoVE’s attorney’s fees and costs related to said
losses or damages. Such indemnification and holding
harmless shall include such losses or damages incurred by,
or in connection with, acts or omissions of JoVE, its
employees, agents or independent contractors.

13. Fees. To cover the cost incurred for publication,
JoVE must receive payment before production and
publication of the Materials. Payment is due in 21 days of
invoice. Should the Materials rot be published due to an
editorial or production decision, these funds will be
returned to the Author. Withdrawal by the Author of any
submitted Materials after final peer review approval will
result in a USS$1,200 fee to cover pre-production expenses
incurred by JoVE. If payment is not received by the
completion of filming, production and publication of the
Materials will be suspended until payment is received.

14. Transfer, Governing Law. This Agreement may be
assigned by JoVE and shall inure to the benefits of any of
JoVE's successors and assignees. This Agreement shall be
governed and construed by the internal laws of the
Commonwealth of Massachusetts without giving effect to
any conflict of law provision thereunder. This Agreement
may be executed in counterparts, each of which shall be
deemed an original, but all of which together shall be
deemed to me one and the same agreement. A signed copy
of this Agreement delivered by facsimile, e-mail or other
means of electronic transmission shall be deemed to have
the same legal effect as delivery of an original signed copy
of this Agreement.
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Al: TITLE PAGE (line 2) “The manuscript will benefit from thorough language revision as
there are a number of grammatical errors throughout. Please have a proficient English
speaker thoroughly review the manuscript and edit any errors. I have marked the sentences
that are hard to understand in green color.”

REPLY: The sentences with grammatical errors have been edited as you mentioned.

A2: SUMMARY (line 46-49) Needs revisions for language. As it is written, it is hard to
understand what is being said.

REPLY: The sentences have been edited as “Here, we prepare a protocol for creating
an immunocompetent ICR murine model of CNS infection to display the development
of neuropathy. Monitoring acute viral encephalitic disorders by the identical disease
scores could be performed for showing DENV-induced neuropathy in vivo.” (Line
46-49).

A3: ABSTRACT (line 59-60) Do you mean detecting viral replication?
REPLY: The sentence has been deleted. This study focused on the creation of
infectious model and disease scoring.

A4: ABSTRACT (line 60-62) Needs revisions for language.
REPLY: The sentence has been deleted.

AS5: INTRODUCTION (line 84-87) Needs references.
REPLY: The sentences have been edited as “According to the findings >, DENV
infection in mice ....... ” (Line 81).

A6: INTRODUCTION (line 87) References?
REPLY: The sentences have been edited as “All of results from these studies °° .......
(Line 84-85).

A7: PROTOCOL 1.1 (line 104) Please add it of the table of materials.
REPLY: The materials have been added in the Table of Materials.

A8: PROTOCOL 1.2 (line 107) Add to the table of materials.
REPLY: The materials have been added in the Table of Materials.

A9: PROTOCOL 1.4 (line 114) Add mouse strain to the table of materials.
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animals maintained during the testing phase?

A12: PROTOCOL 1.7 (line 131-132) How was this checked for? Please describe the signs.
REPLY: The information has been added as you mentioned (Line 129-132) as
“Animals are maintained in the Institutional Animal Care and User Committee of
National Defense Medical Center, Taiwan. We next evaluate the daily progress of the
mice in terms of body weight (by using Microbalance), acute viral encephalitis-like
disease (by disease scoring as described below), and survival rate accordingly.”.

A13: REPRESENTATIVE RESULTS (line 149) In humans?
REPLY: The sentences have been corrected as you mentioned (Line 147-148).

A14: REPRESENTATIVE RESULTS (line 162) Define this group, what was injected?
REPLY: The group has been corrected as you mentioned (Line 161-162).

A15: FIGURE LEGENDS (line 171) Please remove the text “Shen et al. Figure #” from all
figures.
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A16: DISCUSSION (line 192) Do you mean detected?
REPLY: The sentence has been corrected as you mentioned (Line 192).

A17: DISCUSSION (line 198-199) References?
REPLY: The references have been added (Line 199).

A18: DISCUSSION (line 205) This was not demonstrated in the current manuscript. Please
cite your previously published work where you reported this.
REPLY: The references have been added (Line 205).

A19: DISCUSSION (line 212-213) References?
REPLY: The references have been added (Line 213).
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SUMMARY:

Here, we prepare a protocol for creating an immunocompetent ICR murine model of CNS
infection to display the development of neuropathy. Monitoring acute viral encephalitic
disorders by the identical disease scores could be performed for showing DENV-induced
neuropathy in vivo.

ABSTRACT:

Dengue virus (DENV), an arthropod-borne virus transmitted by mosquitoes, may cause the
severe disease known as dengue hemorrhagic fever, which is characterized by lethal
complications due to plasma leakage, ascites, pleural effusion, respiratory distress, severe
bleeding, and organ impairment. A few cases of DENV infection present with neurological
manifestations; however, studies have not explored DENV-induced neuropathogenesis further.
In this study, we present a protocol to use an immunocompetent outbred Institute of Cancer
Research (ICR) mouse for investigating the induction of central nervous system (CNS) infection
with DENV followed by the progression of acute viral encephalitis-like disease.

INTRODUCTION:

Dengue virus (DENV), an arthropod-borne virus of the Flaviviridae family, contains a positive-
sense RNA genome that encodes three viral structural proteins (capsid, premembrane, and
envelope) and seven viral nonstructural proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5).
The four serotypes of DENV (DENV1-4), which infect approximately 390 million people annually,
cause a global burden even though governments have directed substantial efforts toward
mosquito vector and disease control 1. Currently, protective vaccines and therapeutic antiviral
drugs are under development and require further long-term validation 2. In clinical practice,
although dengue patient with central nervous system (CNS) infection is rare, it is needed for
further exploring the diversity of dengue disease development 3. Further investigation and
validation are needed; notably, the World Health Organization (WHO) has included the
involvement of CNS impairment, such as cognitive impairment, convulsions, encephalopathy,
and encephalitis, in the classification of severe dengue >*. Constructing animal models of DENV
infection is indispensable for exploring the neuropathogenesis of DENV infection.

For generating CNS infection by DENV, several studies have executed different routes of DENV
infection, including (1) intracerebral inoculation of C57BL/6 mice who received 4x103 plaque
forming units (PFU) of non-adapted DENV3 >, (2) intraperitoneal inoculation of BALB/c mice
who received 7x10* PFU of in vitro neuroadapted DENV4 7, (3) intracerebral inoculation of
Swiss mice who received 1x10° PFU of in vivo neuroadapted DENV1 &, and (4) intracerebral and
intraperitoneal coinoculation of ICR suckling mice who received 1x10° PFU of non-adapted
DENV2 °. According to the findings >°, DENV infection in mice result in viral replication in the
brain, leading to acute viral encephalitis-like syndromes, behavioral changes accompanied by
limb paralysis and postural instability, CNS neurotoxicity and inflammation, general and
localized plasma leakage through the blood-brain barrier (BBB), and lethality. All of results from
these studies >° have shown the ability of DENV to infect the CNS and the induction of acute
viral encephalitis-like disease following infection.

Based on our current findings >*°, we have created a murine model of DENV infection as an in
vivo platform to examine the therapeutic efficiency of targeted agents/factors against viral
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replication as well as neurotoxicity. Here, we report the protocol we utilized to create an
immunocompetent outbred ICR mouse to study CNS infection and to monitor the development
of neuropathies with different severities caused by DENV. The results show the significant
progression of encephalitis-like disease in DENV-infected mice in a time-dependent manner.

PROTOCOL:

Experimental protocols of animal study according to guidelines established by the Ministry of
Science and Technology, Taiwan were approved by the Institutional Animal Care and User
Committee of National Defense Medical Center (IACUC number: 16-261).

1. Infection Procedure

1.1. Prepare non-adapted DENV2 (strain PLO46) stocks °, originally obtained from the Centers
for Disease Control in Taiwan, ranging from 2.5x107 to 1x10° PFU/ml.

1.2. Dilute the virus stock to 1x10° PFU with Roswell Park Memorial Institute 1640 medium
(RPMI) to a total volume of 40 pL.

1.3. Fill one 0.3-mL syringe fitted with a 30-gauge needle with 10 pL (2.5x10° PFU) of diluted
virus, and fill another 0.3-mL syringe fitted with a 30-gauge needle with 30 pL (7.5x10° PFU) of
diluted virus.

1.4. Seven-day-old ICR suckling mouse was held and conducted the following steps:

1.4.1. For intracerebral injection, mice was held in a prone position by pressing the auricle
between the index finger and thumb, and intracerebrally injected 10 uL diluted virus
into the lambda area, the point at the intersection of the sagittal and lambdoid
suture 6,

1.4.2. After intracerebral injection, mice was held in a supine position by using the index
finger and thumb and intraperitoneally injected 30 pL diluted virus into the murine
abdominal gently.

NOTE: To avoid cannibalism, 75% alcohol is used to make temporarily loss on mother’s
olfactory sensation. Additionally, covering the litters with their mother’s stools and urines is
suggested.

1.5. Lay the suckling mice back in their cages and wait for 5 min to check their safety
poststimulation with the avidity of mice, including walking and mother milk sucking. Basically,
mice represent normal activity poststimulation without harmful effects following the technical
challenge.

1.6. Animals are maintained in the Institutional Animal Care and User Committee of National
Defense Medical Center, Taiwan. We next evaluate the daily progress of the mice in terms of
body weight (by using Microbalance), acute viral encephalitis-like disease (by disease scoring as
described below), and survival rate accordingly ®*°.
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2. Disease Scoring

2.1. Monitor the grade of acute viral encephalitis-like illnesses as Score 0 for healthy mice;
Score 1 for minor illness including weight loss, reduced mobility, and a hunchback body
orientation; 2 for limbic seizure; Score 3 for limbic weakness, including moving with difficulty
and anterior limb or posterior limb weakness; Score 4 for paralysis; and Score 5 for death.

NOTE: Once the score reaches 3, the disease symptoms are considered to be evolving rapidly.

2.2. Plot disease scoring, according to 2.2., for each day as a curve-based figure by using the
mean = SD of the daily test scores in each group.

REPRESENTATIVE RESULTS:

Severe dengue-associated neurological complications have been reported in patients for
dengue pathogenesis *. Although the cases are rare in clinic, creating an immunocompetent
murine model of DENV infection can be used not only for studying immunopathogenesis but
also for exploring CNS infection, neuroinflammation, neurotoxicity, and acute viral encephalitis-
like disease. In this study, according to our current model, as summarized in the Protocol-
Infectious Procedure section °%°, seven-day-old ICR suckling mice were inoculated concurrently
with DENV2 through intracerebral microinjection (2.5x10> PFU) and intraperitoneal injection
(7.5%10° PFU) (Figure 1). Following infection, we performed numerous analyses to show the
presence of dsRNA replication, viral protein expression, and virus release in DENV-infected
brain %1°. These experiments demonstrated that we established a successful in vivo model of
DENV infection, replication, and release.

To evaluate the induction of acute viral encephalitis-like illnesses, as shown in the Protocol-
Disease Scoring section °1, we monitored the changes in body weight in DENV-infected mice.
Compared with the body weight changes in the mock group (mice were inoculated with RPMI
medium only), Figure 2 shows an increase in mock group but a significant (P < 0.01) decrease in
body weight in infected mice. According to the symptoms of encephalitis-like illnesses,
including hunchback posture, limbic seizure, limbic weakness, paralysis, and death, as existed in
DENV-infected mice, Figure 3 shows a significant (P < 0.05) increase in clinical score in the
DENV-infected mice. The survival assay in Figure 4 shows a time-dependent reduction in the
survival rate (P < 0.001) of the DENV-infected mice. The data indicate the establishment of an
infectious model of DENV in the CNS, which shows the progression of acute viral encephalitis-
like illnesses.

FIGURE LEGENDS:
Figure 1. Experimental design for dengue virus (DENV) infection in suckling mice. Seven-day-

old ICR suckling mice were inoculated with DENV2 PL046 by concurrent intracranial and
intraperitoneal injections. We measured changes in body weight, disease score, and mortality.

Page 3 of 6 revised November 2017



177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220

Figure 2. The body weight in suckling mice during dengue virus (DENV) infection. In DENV2-
infected ICR suckling mice (n=12), changes of body weight per day were measured. Following a
Wilcoxon signed rank test, values are presented as the mean * SD. ** p < 0.0l

Figure 3. The encephalitic disease score in suckling mice during dengue virus (DENV) infection.
Following DENV2 infection in ICR suckling mice (n=12), time-kinetic changes in clinical scores
with hunchback posture (score 1), limbic seizure (score 2), limbic weakness (score 3), paralysis
(score 4), and death (score 5), were measured. Following a Wilcoxon signed rank test, values
are presented as the mean + SD. * p < 0.05.

Figure 4. The survival rate in suckling mice during dengue virus (DENV) infection. Time-kinetic
changes in survival rates were measured in DENV2-infected ICR suckling mice (n=12). Following
a log-rank test, values are presented as the mean + SD. *** p < 0.001.

DISCUSSION:

DENV infection has been detected in the CNS of severe dengue patients 17, suggesting the
possibility of the manifestation of acute viral encephalitis occurred during dengue
pathogenesis. Here, we report an in vivo murine model of DENV infection for studying the
involvement of CNS dysfunction in severe dengue, particularly with a focus on DENV-induced
acute viral encephalitis-like illnesses. As compared with the previous models, particularly for
one-route infection (intravenous only, intraperitoneal only, or intracerebral only), an extremely
high titer (1 x 10® PFU) of DENV is utilized in immunocompetent mice. However, in
immunocompromised mice, a relative low but variant titer (1 x 10° to 1 x 102 PFU) of DENV can
be performed 820, In this study, we used two-route infection to induce concurrent CNS and
systemic infection with low titer (IC 2.5 x 10> PFU and IP 7.5 x 10° PFU) of DENV in
immunocompetent ICR suckling mice. The progression of encephalitis-like disease is completely
reproducible . The possible limitation of this study is therefore considered by using a
concurrent intracranial and intraperitoneal injection. Although it is artificial, however,
consistent with previous works by others > and ourselves °*>, DENV is actively replicated in the
experimental murine brain 2%, and the possible effects of viral factors and host responses on
neuroinflammation as well as neurotoxicity are therefore of interest.

For neuropathogenesis, the stimulation of neuronal cell apoptosis is triggered by DENV
infection as well as CNS inflammation, such as microglial cell activation followed by pro-
inflammatory cytokine tumor necrosis factor-a (TNF-a) production &!%15 Direct neurotoxicity
caused by DENV infection and indirect neuroinflammation initiated by host immune responses
are speculated to be involved in dengue encephalitis. Acute viral encephalitis is caused by virus-
induced CNS inflammation of the brain®?.. Common clinical symptoms are high fever,
headache, stiff neck and back, vomiting, and confusion, while severe cases also develop
seizures, paralysis, and coma 2. By monitoring the changes in scores with hunchback posture,
limbic seizure, limbic weakness, paralysis, and death, the development of these illnesses shows
the progression of acute viral encephalitis-like disease in DENV-infected mice *1°. Generally, as
shown in the Protocol-Disease Scoring section, those DENV-infected mice with a score of 3
rapidly progressed to paralysis and death. The pathogenic mechanisms causing these illnesses
require further investigation; however, it is speculated that neuronal dysfunction followed by
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neuropathy induction is involved 2%. Targeting viral replication as well as TNF-a-mediated CNS
inflammation 1014, at least in part, confers therapeutic effects against the progression of
dengue-associated acute viral encephalitis-like disease. The protocol of this study could confer
significant application for creating an encephalitis-like pathological model of DENV infection.
Some studies have described the induction of intracerebral hemorrhage induced by DENV
infection in the brain 2223, We previously showed the induction of BBB disruption in DENV-
infected mice °. Although DENV is not recognized as a neurotropic virus, DENV can produce
effective infection in neuronal cells in vivo and in vitro 8''. Dopamine D2 receptor (D2R) is
speculated to be a neuronal receptor for DENV infection, and pharmacologically targeting D2R
effectively reduces DENV infection in neuronal cells in vivo and in vitro as well as DENV-induced
encephalitic illnesses %4, Possible therapeutic strategies against acute viral encephalitis are
important to develop so that severe dengue cases with neurological complications can be
treated. For the future application, our protocol of disease model using DENV infection in the
brain may become an in vivo platform to screen not only the viral and host factors associated
with neuropathogenesis but also possible antiviral and anti-encephalitic drugs. Regarding the
incidence of variant neurological disorders caused by DENV infection 2°, by our established
protocol, the difference between the variable types and/or strains of DENV for causing
neurological dysfunction is needed to validate.
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