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Fatal Neurological Respiratory Insufficiency
Is Common Among Viral Encephalitides
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Background. Neurological respiratory insufficiency strongly correlates with mortality among rodents infected
with West Nile virus (WNV), which suggests that this is a primary mechanism of death in rodents and possibly fatal
West Nile neurological disease in human patients.

Methods. To explore the possibility that neurological respiratory insufficiency is a broad mechanism of death in
cases of viral encephalitis, plethysmography was evaluated in mice infected with 3 flaviviruses and 2 alphaviruses.
Pathology was investigated by challenging the diaphragm, using electromyography with hypercapnia and optoge-
netic photoactivation.

Results. Among infections due to all but 1 alphavirus, death was strongly associated with a suppressed minute
volume. Virally infected mice with a very low minute volume did not neurologically respond to hypercapnia or
optogenetic photoactivation of the C4 cervical cord. Neurons with the orexin 1 receptor protein in the ventral C3-5
cervical cord were statistically diminished in WNV-infected mice with a low minute volume as compared to WNV-
infected or sham-infected mice without respiratory insufficiency. Also, WNV-infected cells were adjacent to

neurons with respiratory functions in the medulla.
Conclusions.

Detection of a common neurological mechanism of death among viral encephalitides creates op-

portunities to create broad-spectrum therapies that target relevant neurological cells in patients with types of viral

encephalitis that have not been treatable in the past.
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The precise mechanism of death among encephalitides
caused by RNA viruses is largely unknown and has not
been experimentally determined in animal models. For
example, severe abnormal electrical activity or seizures
in vital areas of the brain could presumably be fatal, as
with Japanese encephalitis in children [1]. Vasculitis,
damage to the capillary endothelial cells, can cause
brain hemorrhaging, such as that due to eastern equine
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encephalitis virus [2]. Viruses could cause vasogenic
breakdown of the blood-brain barrier or possibly cyto-
toxic edema associated with failure of ion homeostasis,
with damage to the sodium/potassium pumps in glial
cells [3]. Another possible cause of death is failure in
autonomic function, but dysfunction is seldom the sole
mechanism of death [4]. Specific damage to areas of the
central nervous system controlling vital organ function
might result in fatal organ failure [5]. Viral encephaliti-
des may cause an array of these pathophysiological
events, but any one of these events may be the physio-
logical mechanism of death.

Also necessary for understanding viral encephalitic
death is investigation of the mechanisms of cellular
death in cell culture model systems, such as those in-
volving induction of apoptosis by West Nile virus
(WNV) capsid protein [6] or glutamate excitotoxicity
contributing to neuronal death during Japanese en-
cephalitis virus (JEV) infection [7]. Knowledge of the
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cellular mechanism of death may not provide evidence about
the physiological mechanism of death. Identification of the
physiological mechanism of death for a particular viral enceph-
alitis requires an experimental reductionist approach, hopefully
with the use of appropriate animal models.

In this and prior studies, we have used neurophysiological
approaches to investigate the pathophysiological events of West
Nile neurological disease in rodent models. In a hamster
model, it was determined that WNV infection of cholinergic
motor neurons in the lumbosacral spinal cord impairs electro-
physiological function of the neurons, reduces the number of
functional motor units in the hind limbs, and results in paraly-
sis [8]. Another study [9] demonstrated that electromyographic
(EMG) activities in the diaphragm in WNV-infected hamsters
were significantly (P <.001) less than EMG activities in sham-
infected animals. When virus was stereotaxically injected di-
rectly into the ventrolateral medulla, suppression of EMG
activities was especially rapid and robust. These data were the
basis for another study in which abnormal plethysmographic
parameters, such as diminished minute volume (MV), correlated
strongly with mortality in mice and hamsters [10], whereas, no
other disease outcomes correlated with mortality. These data
are the basis for the hypothesis that respiratory insufficiency
strongly contributes to mortality and may be the mechanism of
death during WNV infection [10]. In this study, we investigated
the possibility that respiratory insufficiency is also associated
with mortality among mice infected with other flaviviruses and
alphaviruses.

MATERIALS AND METHODS

Animals and Viruses

This work was done in the Association for Assessment and Ac-
creditation of Laboratory Animal Care International-accredited
laboratory of Utah State University and accorded with the Na-
tional Institutes of Health Guide for the Care and Use of Labo-
ratory Animals. Adult female BALB/c mice (age, >6 weeks;
Charles River Laboratories) were used for infection with North
American tick-borne encephalitis Powassan virus (POWV) [11],
female CD-1 mice (age, >7 weeks) were used for infection with
JEV, and female C57BL/6 mice (age, >7 weeks) were used for in-
fection with WNV and neuroadapted Sindbis virus (NSV) [12].
Animals were randomly assigned to treatment groups by blindly
selecting animals from a common container. WNV (5 x 10*
plaque-forming units) and western equine encephalitis virus
(WEEV; 80 median cell culture infectious doses [CCIDsq])
were injected subcutaneously into the groin at a volume of
100 uL [9, 13, 14]. JEV (1.7 x 10* plaque-forming units) and
POWYV (6 x 10° CCIDs,) were injected intraperitoneally at a
volume of 100 uL. NSV (10* CCIDs,) was injected intracranially at
a volume of 20 uL. The WNV isolate (strain WNO02), designated
Kern 515, was recovered from a mosquito on 10 May 2007 in Kern

County, California (TVP 10799 BBRC lot no. WNVKERN515-
01, University of Texas Medical Branch Arbovirus Reference
Collection). The WEEV isolate was obtained from the ATCC
(no. VR-27). The JEV isolate, designated SA14, was obtained
from BEI Resources (no. NR-2335). POWYV isolate (strain
M794), designated LB, was obtained from the University of
Texas Medical Branch Arbovirus Reference Collection. NSV
was obtained from Diane Griffin, Johns Hopkins Bloomberg
School of Public Health. The virus titers in tissues were assayed
using an infectious cell culture assay [15].

Transgenic mice [16] expressing channelrhodopsin from the
choline acetyltransferase promoter (ChAT-mhChR2-YFP, Jack-
son Laboratories, catalog no. 014546) were used for optogenetic
studies.

Rodents were judged as moribund if they did not step
forward if prodded or if they did not right themselves when
placed on their backs, because this was the only predictive sign
of WNV-associated mortality.

Plethysmography

Unrestrained whole-body plethysmography was performed as
described elsewhere [10]. Mouse-sized plethysmograph cham-
bers were used (emka Technologies, catalogue no. PLY 3213).
The differential pressure was acquired by an acquisition ampli-
fier at 1 kHz (USB ACQ 4, emka Technologies) and processed
in analysis software (IOX Base 2¢, IOX 1 PULMO 2¢, emka
Technologies). The resulting minute volumes (MVs) were
plotted using Prism 5 (GraphPad Software).

Orexin 1 Receptor (Ox1R), Somatostatin, and Paired-like
Homeobox 2b (Phox2b) Immunohistochemical Staining
For Ox1R and WNV counterstaining, adult C57BL/6 mice were
infected with WNV and then monitored for MVs of >1 SD
above the normal mean value (ie, >230 mL/min) or >3 SDs
below the normal mean value (ie, <73 mL/min). Groups were
sham-infected mice and WNV-infected mice with MVs of >1
SD above the normal mean value and WNV-infected mice
with MVs of >3 SDs below the normal mean value. Cryostat
coronal cervical cord (C3-5) sections (thickness, 10 pm) from
paraformaldehyde-perfused mice were obtained, with every third
section retained for examination. The sections were stained with
human monoclonal antibody of WNV (MGAWN1, MacroGen-
ics, Rockville, MD; 1:1000 dilution) and rabbit anti-Ox1R anti-
body (Millipore; 1:400 dilution). Secondary antibodies were
Alexa Fluor 568 goat anti-human and Alexa Fluor 488 rabbit
anti-mouse immunoglobulin G. Immunostaining procedures are
described elsewhere [17]. Under a 20x objective lens, the
number of neurons that stained positive for Ox1R was counted
in ventral horn of each section, and the average number of posi-
tive cells per section was reported.

For Phox2b and WNV counterstaining, the retrotrapezoid
nucleus (RTN) was located ventral to the facial nucleus and
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juxtafacial lateral paragigantocellular [18]. Caudal medullary
coronal sections (thickness, 10 um) extending about 0.3 mm
from the front boundary of the cerebellum (ie, from Bregma
—5.68 to —6.00 mm) were obtained [19]. Primary antibody of
rabbit anti-Phox2b (Pierce Biotechnology, Rockford, IL; 1:400
dilution) and 7H2 mouse monoclonal antibody for WNV enve-
lope protein (BioReliance, Rockville, MD; 1:460 dilution) were
used [20].

For somatostatin staining, paraffin sections (thickness, 5 um)
were processed [21] and incubated with the humanized mono-
clonal antibody MGAWNT1 and the polyclonal anti-somatostatin
antibody (Immunostar, Hudson, WI). Alexa Fluor fluorescent
secondary antibodies (Molecular Probes, Eugene, OR) were
used. We verified the specificity of the anti-somatostatin anti-
body on the basis of characteristic staining of islets of Langer-
hans cells [22].

Optogenetic Photoactivation of Phrenic Motor Neurons
Transgenic mice [16] (Jackson Laboratories, catalog no.
014546) expressing channelrhodopsin from the ChAT promot-
er were infected and then monitored with plethysmography for
suppression of EMG activity to >2 SDs below the normal mean
value (ie, 112 mL/min for C57BL/6 mice; n=1315). Animals
with MV suppression to >2 SDs below the normal mean value
were anesthetized with ketamine/xylazine, and the optical fiber
was surgically implanted. The exposure of dorsal vertebra of
the cervical cord was performed on a stereotaxic apparatus [9].
An optical fiber (Thorlabs) with a 200-um diameter was im-
planted to a depth of 1 mm-0.5 mm at a location midlateral to
the right semi-cervical cord, between C4 and C5. The fiber was
secured with dental cement.

Evaluation of EMG activity in the diaphragm was based on
procedures previously described elsewhere [9, 23, 24]. A pair of
40-gauge Teflon-insulated single-stranded stainless steel wires
(AS765-40 Cooner Wire, Specialty Wire and Cable) was im-
planted in the midcostal region of the right hemidiaphragm. A
common ground wire was implanted subcutaneously. Leads
were connected to a differential DAM50 amplifier (World Pre-
cision Instruments) set at a 10 K gain with a band-pass filter
between 300 Hz and 3 kHz. EMG recordings were monitored
by a digital storage oscilloscope.

For surgical bilateral vagotomy and ventilation, both vagus
nerves identified in the carotid sheath were cut distally to the
carotid bifurcation to abolish mechanoreceptor feedback and
entrainment. Tracheostomy was performed in the midline of
the neck, and a tracheal cannula connected to an artificial venti-
lator (50 cycles/min; Harvard Apparatus) was inserted into the
trachea [25, 26].

Bilateral vagotomized and mechanically ventilated mice were
subjected to photoactivation using a 470-nm blue laser (Opto
Engine, Midvale, UT). A 12-mW laser pulse was delivered by
the laser via the optical fiber at 20 Hz with a 40% duty cycle [27].

The output power and pulse timing of the laser were verified
using a 470-nm power meter (Opto Engine) and a digital storage
oscilloscope (2542BK BK Precision Electronic Test Instruments,
Yorba Linda, CA), respectively. The pulse was delivered in 500-
ms on/off trains, using in-house Labview programming (Nation-
al Instruments, Austin, TX), to allow time for the diaphragm to
relax between simulations. The root mean square of the EMG ac-
tivity in the diaphragm was recorded and used for comparison.
The resulting waveforms were graphed in Prism 5 (GraphPad
Software).

Hypercapnia Challenge

C57BL/6 and BALB/c mice were infected with the respective
viruses and then monitored with plethysmography for suppres-
sion of the MV to >2 SDs below the normal mean value.
Animals with MV suppression to >2 SDs below the normal
mean value were anesthetized, and the EMG activity in the dia-
phragm was recorded. Following the baseline recording, bilat-
eral vagotomies and intubations for mechanical ventilation
were performed. Another diaphragm recording was obtained
while under the influence of mechanical ventilation, following
the vagotomy. The CO, content of the expired breath was re-
corded using an in-line capnograph (K-33 ICB CO, Sensor,
CO, Meter, Ormond Beach, FL) and processed in CO, DAS
software. The mice were then gradually exposed to increasing
levels of CO,, using an air-CO, gas mixture (maximum propor-
tions, 7% CO,, 21% O,, and 72% N). EMG activity in the dia-
phragm in response to hypercapnia gas was recorded at 1 kHz
on a digital storage oscilloscope. The root mean squares of the
EMG waveforms were calculated.

RESULTS

To determine the prevalence of respiratory insufficiency among
viral encephalitides, plethysmography was monitored over the
course of disease in mice infected with WNV, JEV, NSV,
POWYV, or WEEV (Figure 1). As determined previously, respi-
ratory insufficiency, identified on the basis of reduction of the
MV to >2 SDs below the normal mean value, was strongly asso-
ciated with death of WNV-infected mice. This was also true for
mice infected with JEV or NSV. The association was not as
strong in mice infected with POWYV. Respiratory insufficiency
was not associated with the death of mice infected with WEEV.

Viral titers of brain tissue (P <.01) and spinal cord tissue
(P<.05) from WNV-infected animals with MVs of >2 SDs
above the normal mean value were significantly less than titers
for animals with abnormal MVs of >2 SDs below the normal
mean value (Figure 2). These findings appeared to be similar to
those for brain and spinal cord tissues of mice infected with
NSV and POWYV, but the differences were not statistically dif-
ferent, possibly because of smaller sample sizes. Respiratory
insufficiency was likely due to neurological deficits rather than

Respiratory Insufficiency in Encephalitides o JID 2013:208 (15 August) e 575



West Nile virus

WNV
infected
901
902
& 903
—+ 904
905
906
907

Sham

infected
-= 911
- 912
- 913
- 914
- 915
- 916
- 917
e 918
-e- 919
- 920

Percentage of normal
minute volume

Days after WNV challenge

Western equine encephalitis virus

Percentage of normal

Japanese encephalitis virus

JEV infected Sham infected

° @181 = 191
g 182 192
5 @183 - 193
] 184 - 194
> « 185 - 195
Q - 186 - 196
2 187 - 197
£ 188 -+ 198
S - 189 - 199
@190 - 200

o—

0 1

2 3456 7 8 910111213
Days after JEV challenge

Neuroadapted Sinbis virus
NSV infected Sham infected

1504
© WEEYV infected Sham infected © %0 - 100
Eo Eo 91 ~ 189
2 E P S E 92 ~ 190
< 3 100 o1 2 £5 93 ~ 191
65 P 12 =22 53 o pap /]
Ss ald =» o > 95 193
g2 14 =24 <. X0) b e
£3 15 25 85 % T
C C cC Cc
SE g 16 =26 S E 98 - 196
o E ~ A7 e 27 8E ped Pt
[ 18 - 28 [7] .
o @ 19 e 29 o . 198
o 1 2 3 4 5 6 7 8 6 8
Days after WEEV challenge Days after NSV challenge
Powassan virus
— 150 POWV infected Sham infected
g 68 - 82
So 69 « 83
2E i 70 -84
w =2 100 - 71 -85
°9 72 + 86
S0 73 - 87
85 74 - 88
c S 50 75 - 89
8 € 76
5 77
o o 78
- 79
0 T T T T T T T -+ 80
4 0 1 2 3 4 5 6 - 81
Days after POWV challenge
Figure 1. Association of mortality with suppressed minute volume in mice infected with West Nile virus (WNV), Japanese encephalitis virus (JEV), neu-

roadapted Sindbis virus (NSV), Powassan virus (POWV), and western equine encephalitis virus (WEEV). To calculate the daily normal mean minute volume
(MV) for determining the percentage of the normal mean value for each measurement, 10 normal mice for WNV, 10 sham-infected mice for JEV, 10 sham-
infected mice for NSV, 8 sham-infected mice for POWYV, and 10 sham-infected mice for WEEV were used. The horizontal dotted lines were 2 SDs from the

normal mean values across all days.

to extraneurological respiratory disease, because no abnormal
histopathological findings were observed in the lungs and dia-
phragms of infected mice with reduced MVs. All mice with re-
spiratory insufficiency infected with NSV or POWV (4 mice in
each group) did not have histopathological lesions in their dia-
phragms or lungs, whereas all animals had lesions in their
spinal cords and brains (data not shown). Viral titers in the
central nervous system and the lack of abnormal histopatholog-
ical findings in the lungs or diaphragms are consistent with
neurological disease rather than extraneurological respiratory
disease.

To investigate neurological respiratory function, virally in-
fected mice were ventilated, intubated, challenged with hyper-
capnia (7% CO,), and monitored for EMG activity in the
diaphragm (Figure 3). As predicted, the diaphragmatic EMG
activities in sham-infected mice with normal MV were easily
identified before ventilation and were not detectable after venti-
lation and vagotomy (Figure 3). These sham-infected mice

responded to hypercapnia, as evidenced by detection of EMG
activity in the diaphragm (Figure 3). The same analysis was
performed with virus-infected mice with low MVs of >2 SDs
below the normal mean value. The diaphragmatic EMG activities
in 2 WNV-infected mice (mouse 577 and mouse 594) with low
MVs (24 and 46 mL/min, respectively) did not respond to hyper-
capnia. Another WNV-infected mouse (mouse 596) did respond
with diaphragmatic EMG activity, but the MV was much higher,
at 108 mL/min, and just >2 SD below the normal mean value for
C57BL/6 mice (112 mL/min). Similar results were obtained for
mice infected with POWYV and NSV. However, C57BL/6 mice in-
fected with WEEV that had either low MVs (47 mL/min [mouse
392]) or high MVs (193 mL/min [mouse 307] and 196 mL/min
[mouse 306]) had strongly detectable EMG activity in the dia-
phragm. In short, the diaphragms of mice infected with WNYV,
POWYV, and NSV that had low MV did not have a normal elec-
trophysiological response to hypercapnia, whereas mice with
fatal WEEV infection responded to hypercapnia.
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Figure 2. Association of viral titers with suppressed minute volume in mice infected with West Nile virus (WNV), neuroadapted Sindbis virus (NSV),
and Powassan virus (POWV) in brain, spinal cord, diaphragm, and lung tissues. Viral infected mice were necropsied when the minute volume was >2 SDs
below the normal mean value (vertical dotted lines). A corresponding mouse with an MV of >2 SDs above the normal mean value was also necropsied.
Tissues were homogenized and processed for infectious virus titers. Percentages of the normal mean MVs were calculated as described in Figure 1. The
horizontal lines were the limits of detection. *P < .05 and **P < .01, by the nonparametric Mann—Whitney 2-tailed test.

We probed the function of phrenic motor neurons innervating
the diaphragm, using optogenetic photoactivation, in transgenic
mice expressing channelrhodopsin from the ChAT promoter.
WNV- and NSV-infected mice were monitored for MVs that
were >2 SDs below the normal mean value. These virally infected
and sham-infected mice were intubated and vagotomized, after
which optical fibers were inserted into the C4 vertebrae, by
means of laminectomy [20]. The EMGs activities in the dia-
phragms of sham-infected mice with normal MVs were directly
aligned with the photoactivation signals (Figure 4). Diaphragms
in 2 of 3 NSV-infected transgenic mice did not respond to pho-
toactivation, as evidenced a lack of diaphragmatic EMG activity
(ie, lower EMG readings). The diaphragmatic EMG activity in 1
NSV-infected mouse that responded to photoactivation (mouse

172) appeared to have hyperexcitability, which was probably
caused by neuronal damage [28, 29]. The diaphragms from all 3
WNV-infected mice with MVs well below 2 SDs below the
normal mean value did not respond to photoactivation of
phrenic neurons (Figure 4).

To investigate the possibility that viral infection was damag-
ing or destroying the ability of phrenic motor neurons to con-
tribute to or cause respiratory failure, neurons were identified
immunohistochemically by staining for Ox1R, because orexin,
a neuropeptide originating from the hypothalamus, innervates
phrenic neurons through OxIR in the cervical cord [30, 31]
(Figure 5). The number of Ox1R-positive neurons in the
ventral horn of the C3-C5 cervical cord of WNV-infected mice
with respiratory insufficiency were significantly lower than
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Figure 3. Effect of viral infections on diaphragmatic electromyographic (EMG) activities for mice challenged with hypercapnia. C57BL/6 and BALB/c

mice underwent sham infection; C57BL/6 mice underwent West Nile virus (WNV), neuroadapted Sindbis virus (NSV), or western equine encephalitis virus
(WEEV) infection; and BALB/c mice underwent Powassan virus (POWV) infection. Plethysmography was performed daily to detect the virally infected mice
with minute volumes (MVs) of >2 SDs below the normal mean MVs, as calculated in Figure 1. The diaphragmatic EMG activities of these mice with respi-
ratory insufficiencies were then measured in mice before (top EMG readings) and after intubation and vagotomy (middle EMG readings). The mice were
challenged with 7% CO,, and the diaphragm EMGs were measured (bottom EMG readings). Mouse identification numbers, MVs, and root mean squares
(RMSs) reflecting the amplitudes are all listed above the EMG readings.
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Figure 4. Effect of viral infections on electromyographic (EMG) activities in diaphragms of ChAT-mhChR2-YFP transgenic mice challenged with optoge-

netic photoactivation of C4 cervical cord containing motor neurons innervating the diaphragm. Mice underwent sham infection or were infected with neu-
roadapted Sindbis virus (NSV) or West Nile virus (WNV). Plethysmography was performed daily to detect the virally infected mice with MVs of >2 SDs
below the normal mean MV, as calculated in Figure 1. The diaphragmatic EMG activities for these mice with respiratory insufficiencies were then mea-
sured in mice before (top EMG readings) and after intubation and vagotomy (data not shown) to confirm the absence of EMG readings. An optical fiber
was inserted into the C4 vertebra by laminectomy [20]. Diaphragmatic EMG was used to measure photoactivation of the phrenic neurons. The EMG activi-
ties in the diaphragm (blue) were directly aligned with the photoactivation signals (red). Mouse identification numbers, MVs, and root mean squares

(RMSs) reflecting the amplitudes are listed above the EMG readings.

those in the sham-infected mice (P <.05; Figure 5A). The
number of Ox1R-positive neurons in WNV-infected mice with
normal MVs was slightly less than that in sham-infected mice,
but the difference was not statistically significant. For 2 of the 4
WNV-infected mice with normal MVs, the number of Ox1R-
positive neurons was the same as that in mice with abnormal
MVs, such that, given a couple of more days, the mice might
have developed abnormal MVs. WNV envelope staining was
detected in tissue sections from all 4 WNV-infected mice with
reduced MVs (Figure 5B), whereas viral staining was observed
in only 1 of 4 WNV-infected mice with normal MVs (data not
shown).

To determine whether WNV could infect areas of the brain-
stem that are active in respiratory control, the ventral medullas
of WNV-infected mice were stained for somatostatin neuro-
peptide, which has respiratory control functions [32], and for
Phox2b, which regulates breathing in a CO,-dependent
manner in the RTN [26, 33]. WNV envelope staining was colo-
calized, with some somatostatin staining of neurons in focal
areas of the brainstem (Figure 6A). Even though quantification
was not performed, these data indicated that WNV could infect
somatostatin-containing neurons. In the RTN, WNV-infected

cells with the morphology of glial cells were identified adjacent
to Phox2b-stained neurons (Figure 6B). Although we did not
observe colocalization of WNV staining with Phox2b staining,
the proximity of WNV-infected glial cells next to Phox2b-
stained neurons in the RTN suggests that WNV infection
might affect the chemoreceptor functions of neurons by sec-
ondary effects in the RTN.

DISCUSSION

This study addressed whether respiratory insufficiency was the
probable physiological cause of death among mice with various
viral encephalitides. As previously determined, respiratory in-
sufficiency is strongly associated with mortality in rodents in-
fected with WNV. No other disease outcomes correlate with
mortality, including motor unit number estimations [8], brain
auditory evoked response [9], blood-brain barrier permeabili-
ty [14], and memory impairment [34]. The diaphragms or
lungs of these animals do not have any abnormal pathological
findings to account for mortality [9]. Moreover, respiratory dis-
tress in human patients is a serious outcome of West Nile neu-
rological disease [35], which can result in respiratory failure
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Figure 5. Orexin 1 receptor (Ox1R}-stained cells in the ventral horn of cervical cords (C3—Cb) of West Nile virus (WNV)—infected mice with respiratory
insufficiency. A, Quantification of Ox1R-stained cells, as measured by minute volume (MV), compared with controls. Each value represents a mean number
(+SD) of positive cells per coronal section of the cervical cord. Every third section (12 pm) was collected, for a total of 40 sections per cervical cord. A
normal MV was defined as an MV of >1 SD above the normal mean value (ie, 151 mL/min) from 1315 readings of C57BL/6 mice from prior experiments
during the past half year. An abnormal MV was defined as an MV of >3 SDs below the normal mean value (ie, 73 mL/min). One-way analysis with the
Newman-Keuls multiple comparison test (*P< .05, compared with the sham-infected group). B, Immunohistochemistry findings for 1 representative of 4
animals in each of 3 the groups (ie, mouse 310 from the group of WNV-infected mice with abnormal MVs, mouse 387 from the group of WNV-infected
mice with normal MVs, and mouse 377 from the group of sham-infected mice with normal MVs). Mice were injected subcutaneously with either WNV or
sham, and the MVs were monitored. Mice with abnormal MVs of >3 SDs below the normal mean value (ie, 73 mL/min) were euthanized for immunohisto-
chemical staining of Ox1R and WNV envelope. For each WNV-infected mouse, another WNV-infected mouse with a normal MV of >1 SD above the

normal mean value (ie, 151 mL/min) and a sham-infected mouse were selected for immunohistochemistry analysis.

with a poor prognosis [36]. In this study, 3 flaviviruses were in-
vestigated: WNV, JEV, and POWV. All 3 viruses are known to
primarily infect neurons [37-41]. Two alphaviruses were also
evaluated: WEEV and NSV. Like the flaviviruses studies, NSV
primarily infects neurons [12], whereas Venezuelan equine en-
cephalitis virus, which is closely related to WEEV, has a
broader tropism that includes glial cells [42].

Remarkably, encephalitides due to all but one of the viruses
(ie, WNV, JEV, POWYV, and NSV, but not WEEV) that were
evaluated by plethysmography revealed an association of respi-
ratory insufficiency with mortality. The association was not as
strong with POWYV, however, possibly because the declining
MV associated with POWYV infection was more difficult to
observe over time because of the abrupt and rapid onset of
mortality; future studies of this association are therefore
needed. Additionally, the diaphragmatic EMG activities were
below or near the limits of detection in WNV-, POWV-, NSV-
infected mice with suppressed plethysmography values, as mea-
sured by MVs. Even though WEEV extensively infects the
central nervous system [43], fatality of WEEV-infected mice

did not correlate with respiratory insufficiency, nor did the dia-
phragms lose their ability to respond to stimulation from
hypercapnia or optogenetic photoactivation of cervical cord
phrenic neurons. Future investigations of the neuropathological
differences between encephalitides due to WEEV and those due
to the other viruses investigated here should provide further in-
sights about the mechanism of fatal respiratory insufficiency.

To clearly detect stimulation of the diaphragm by hypercap-
nia or photoactivation of the phrenic neurons, diaphragmatic
EMG activities were measured in anesthetized, intubated, and
vagotomized mice that provided flat-line readings. Extraneous
cardiac tracings could be identified, but they did not obscure
the EMG tracings. The diaphragmatic EMG tracings of all
WNV-, POWV-, and NSV-infected mice with very low MVs
were undetectable or nearly undetectable, whereas infected mice
with MVs within 2 SDs of the normal mean value were identifi-
able. One exception was the EMG activity associated with photo-
activation of mouse 172, which had an MV of <20 mL/min but a
large amplitude of activity detected by EMG (Figure 4). We spec-
ulate that the neurons regulating diaphragmatic EMG activity in
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Figure 6.

Somatostatin

Somatostatin- and paired-like homeobox 2b (Phox2b}-stained cells in the medulla of West Nile virus (WNV)-infected mice. Examples of

immunohistochemistry findings for WNV-infected mice with reduced minute volumes (MVs) as compared to sham-infected mice. A, Somatostatin and
WNV staining. B, Phox2b and WNV staining. Separate mice were used in panels A and B. Scale bar, 50 pm.

this mouse may have experienced hyperexcitability before
completely losing their function [28, 29].

The association of low diaphragmatic EMG activities with
photoactivation of phrenic neurons was supported by the loss
of Ox1R-positive phrenic neurons in WNV-infected mice with
low MVs but not in infected- or sham-infected mice with
normal MVs. The orexin neuropeptide originating from the hy-
pothalamus is a ligand for Ox1R in phrenic neurons, but Ox1R
is also present on other neurons in the cervical cord, so we were
not certain that loss of Ox1R-positive neurons was a loss of
phrenic neurons. Nevertheless, WNV does infect motor
neurons throughout the spinal cord [20, 37], so it is reasonable
to conclude that phrenic motor neurons were also lost.

The inability of virally infected mice with low MVs to
respond to hypercapnia may be due to neuronal damage in the
ventral medulla. In these studies, virally infected mice with low
MVs did not respond to hypercapnia by stimulating the dia-
phragmatic EMG activities. This indicated that neuronal damage

occurred from virus infection of neurons ranging from the

chemoreceptor neurons in the ventral medulla to the phrenic
neurons in the cervical cord. Theoretically, the lack of hypercap-
nia compensation may have solely been due to damaged phrenic
neurons, but evidence from somatostatin and Phox2b staining
suggests that damage to respiratory control neurons in the
medulla may have contributed to the respiratory insufficiency.
Since somatostatin neuropeptide in the medulla affects chemo-
sensory drive [32], the observation that WNV can directly infect
somatostatin-containing neurons indicated that this virus can
infect at least this subset of respiratory control neurons in the
medulla. The other evidence that WNV may affect respiratory
functions in the ventral medulla was the presence of WNV-
stained glial cells in the area of Phox2b-stained neurons that reg-
ulate breathing in a CO,-dependent manner within the RTN
[26, 33].

Knowledge of the physiological mechanisms for disease out-
comes, including death, would allow researchers to focus on
disease-relevant neurological tissues and cell types to inves-
tigate immunological, molecular, and cellular pathological
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events. As examples of the importance of knowing the neuro-
physiological mechanism of disease, investigators focus on
motor symptoms originating from the death of dopaminergic
neurons in the substantia nigra for Parkinson disease [44]. For
amyotropic lateral sclerosis, investigators focus on motor
neurons in the ventral horn of the spinal cord and the cortical
neurons that provide their efferent input [45]. Unfortunately,
the neurophysiological reason for death from encephalitis caused
by RNA viruses is largely unknown. Since the encephalitic
viruses typically infect many anatomical areas of the central
nervous system, which may or may not result in functional defi-
cits, determining the mechanism of death is not straightforward
and requires a reductionist approach, as used here. Future studies
should include investigations of other encephalitic alphaviruses,
including Venezuelan equine encephalitis virus and eastern
equine encephalitis virus, in light of the observation that WEEV
did not result in fatal respiratory insufficiency.

The unique contribution of this study is that fatal respiratory
insufficiency is caused by large group of viruses other than
WNV alone [10] and that damaged phrenic motor neurons in
the cervical cord and possibly damaged respiratory control
neurons in the ventral medulla lead to this respiratory insuffi-
ciency. This finding will allow investigators to focus on disease-
relevant neurological tissues and cells to better improve the
treatment and management of multiple viral encephalitides.
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