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Abstract

West Nile virus (WNV) has had a major public health impact since its emergence in the Western
Hemisphere; in 2012, nearly 3000 cases of WN neuroinvasive disease were identified in the
United States. The underlying mechanisms of WN neurologic disease can only be studied to a
limited extent in patients, but can be investigated in much greater detail in animal models. In this
paper, we describe how we and others have employed a variety of electrophysiological and
neurological techniques to study experimental WNV infections in hamsters and mice. The
methods have included electrophysiological motor unit number estimation; optogenetic
photoactivation of the spinal cord and electromyography; plethysmography; measurement of heart
rate variability as an indication of autonomic nervous system dysfunction; and an assessment of
spatial memory loss using the Morris water maze. These techniques provide a more refined
assessment of disease manifestations in rodents than traditional measurements of weight loss and
mortality, and should make it possible to identify targets for therapeutic intervention and to
directly assess the effects of novel treatments.

Introduction

Some signs and symptoms in human subjects that may be tentatively associated with
neurological involvement or that are clearly associated with West Nile neurological disease
(WNND) can also be observed in mice or hamsters (Table 1), the two rodent species suitable
for WNV investigations. These rodent models have been valuable for understanding the
mechanisms of neurological signs and symptoms in human subjects and how they might be
managed or treated.

Most human WNV cases are subclinical, or develop a short-term febrile illness, which is
referred to as WN fever (Bode et al., 2006; Hayes et al., 2005; Sejvar, 2007). Fever is often
recognized to occur during viremia, but fever is also associated with generalized
inflammation of the meninges. Interestingly, WNV-infected hamsters monitored
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continuously with radiotelemetry do not have a fever during the viremic phase, but can have
a temperature spike at days 5-6 when viral induced meningitis is observed (Siddharthan et
al., 2009; Wang et al., 2013a) (Table 1). These data suggest that WN fever in some cases
might reflect neurological involvement, and not just the viremic phase. Having an animal
model for WNV fever might provide an opportunity to investigate the cause of WNV-
induced fever and the neurological implications in human subjects.

A small subset of WNYV patients develops more serious neurologic deficits (Table 1).
Patients can present with meningitis symptoms, which include neck stiffness and light
sensitivity (Bouffard et al., 2004; Omalu et al., 2003; Sampson et al., 2000; Sejvar et al.,
2003a; Steele et al., 2000; Weiss et al., 2001). Inflammation of the meninges can be
observed in the rodent models (Ben-Nathan et al., 1995; Camenga et al., 1974; Hunsperger
and Roehrig, 2006), which suggests that they also get disease signs of meningitis, but efforts
to observe these signs have not been undertaken, except for perhaps the detection of fever
associated with CNS infection as described above (Wang et al., 2013a).

Encephalitis as an infection of the brain is a more serious development of WNND (Table 1).
WNV-infected neuronal cells have been observed postmortem in the brainstem, which
contains many vital nerve connections for motor and sensory systems from the main part of
the brain to the rest of the body, and in the cerebellum involved in motor control in addition
some cognitive functions. In rodent models, tissues collected at the time of death do not
typically contain abundant WNV-infected cells due to prior clearance by the immune
system, so it is not possible to understand viral tropism and pathogenesis without sampling
tissues throughout the course of disease development (Siddharthan et al., 2009; Tesh et al.,
2005). Herein lies the value of rodent models in that they have been used in temporal studies
to determine that the virus can infect many areas of the brain and spinal cord and
subsequently affect neurological functions.

Some WNV patients complain of confusion or altered mental status (Carson et al., 2006)
(Table 1). In a retrospective study with 54 persons about a year and a half after acute illness,
the study cohorts scored below the 15 percentile on some cognitive tests as compared to
normative controls. (Sejvar et al., 2008). Further human studies should be done to confirm
these results, but rodent models could also help to identify neurological mechanisms of
cognitive deficits. The greatest density of lesions in WNV-infected hamsters is observed in
the area of the prefrontal cortex (PFC) (Siddharthan et al., 2009), which plays a critical role
in cognition and executive functions in humans and rodents. Extensive studies in the rat
model have revealed that sub-regions of the PFC control distinct components of cognitive
executive function (Chudasama and Robbins, 2006; Dalley et al., 2004). Additional WNV-
induced lesions are also observed in the limbic system particularly with the hippocampus
(Hunsperger and Roehrig, 2006; Siddharthan et al., 2009) and thalamus (Ali et al., 2005;
Davis et al., 2006). Lesions in these anatomical regions might affect cognitive function via
disturbance of connections between the PFC and the limbic system. Behavioral assays in
rodents coupled with virological and histological assays could elucidate the effect that WNV
might have on cognitive and executive functions.
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Some WNV patients describe symptoms that may reflect a loss of proprioception (Moon et
al., 2005) (Table 1), which is a declining sense of the relative position of neighboring parts
of the body. The cerebellum is involved in coordinating this communication to motor
functions. Rodent models could possibly be useful for these investigations inasmuch as
WNYV can infect the cerebellum in rodents.

Some disease signs and symptoms of WNV encephalomyelitis are consistent with
dysfunction of the autonomic nervous system, i.e., respiratory, cardiac, renal and
gastrointestinal functions (Table 1). The most widely recognized WNV-induced disease sign
controlled by autonomic function is respiratory distress (Betensley et al., 2004; Sejvar et al.,
2005), which can result in respiratory failure with a poor prognosis (Sejvar et al., 2006).
WNV-induced respiratory distress mechanisms have been extensively studied in rodents and
are discussed below.

Cases of cardiac or renal involvement, although much less frequent, have been reported
(Table 1). A case study of myocarditis has been reported in a patient having a confirmed
case of WNV (Omalu et al., 2003). The patient developed cardiac arrhythmias and global
myocardial dysfunction. Cardiac complications including arrhythmia are also described in a
report of hospitalized patients with WNV disease (Bode et al., 2006). There are many
reports of WNV-induced cardiac involvement in other mammalian (Lichtensteiger et al.,
2003) and avian species (Gibbs et al., 2005). Electrocardiograms obtained from
radiotelemetry in WNV-infected hamsters revealed some cardiac disturbances, but the
implications on WNND have yet to be determined (Wang et al., 2011).

In regards to renal function, 22% of patients with WNV-induced paralysis developed bladder
dysfunction (Saad et al., 2005). A case study report claimed to be the first report of
urological sequelae in a patient with WNV; the patient also had respiratory distress requiring
intubation (Shpall et al., 2003). Other more subtle autonomic-like dysfunctions may also
occur in WNV neurological disease. For example, adrenal insufficiency, as detected by a
corticotropin test, was identified in 70% patients with severe WNV disease (Abroug et al.,
2006).

A central question is if autonomic dysfunction is due to direct damage of motor functions or
to damage of neurons generally regulating sympathetic or parasympathetic functions.
Rodent studies using heart rate variability as an indicator of autonomic function,
electromyography of the intestine and diaphragm, nerve conduction velocity,
electrocardiography, plethysmography, and immunofluorescence assays indicated that WNV
does cause some autonomic dysfunction, but many of these dysfunctions are caused by
direct damage to motor functions (Morrey et al., 2012; Wang et al., 2011, 2013a; Wang et
al., 2013b).

Parkinsonism has been observed in 69% of WNV patients in one study (Sejvar et al., 2003a)
(Table 1). Parkinson’s disease is a neurodegenerative disease caused by death of
dopaminergic neurons in the substantia nigra. Two WNV patients have been described by
neuroimaging procedures with heavy involvement of the substantia nigra, which correlated
with Parkinsonism features of the patient (Bosanko et al., 2003). It is not known if rodents
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have Parkinsonism, but hamsters infected with WNV manifest front limb tremors (Morrey et
al., 2004b). No studies have been done to correlate these tremors with histopathogensis of
infection of the substantia nigra. The other alternative mechanism of tremors that could be
addressed with rodent models is hyper-excitability of neurons or synapses. In the mouse
model of amyotrophic lateral sclerosis, limb tremors were associated with an elevation of
excitatory synapses (Sunico et al., 2011). Consistent with this finding is that the EMG
amplitudes of motor neurons in the lumbosacral spinal cord stimulated by optogenetic
photoactivation of some mice infected with WNV are much greater than the amplitudes of
sham-infected mice (Wang et al., 2013b). Further rodent studies could be done to correlate
tremors with hyper-excitability of motor neurons using this approach and to investigate the
mechanism.

When performed, electrophysiological studies have been useful in identifying some motor
deficits and rarely occurring seizures (Bagic et al., 2007). For example, electrophysiological
assays of one study (Li et al., 2003) revealed severe denervation in a paralyzed patient,
which was substantiated with abnormal MRI in the anterior lumbar spinal cord. However,
clinical exams and electrophysiological tests, although necessary, have been inadequate to
fully investigate physiological mechanisms of WNND, because the electrophysiological
deficits could not be correlated with histopathological conditions as can be done in rodent
models.

MRI have been useful in identifying spinal cord and cauda equine abnormalities that reflect
the motor deficits of acute flaccid paralysis or extreme weakness (Leyssen et al., 2003;
Petropoulou et al., 2005). As mentioned above, MRI has revealed heavy involvement of the
substantia nigra in a WNV patient with Parkinsonism features (Bosanko et al., 2003). Other
than these examples, MRI findings in patients with WNND are generally nonspecific
(Petropoulou et al., 2005).

Fortunately, physiological and electrophysiological approaches in rodent models have been
valuable for investigating mechanisms of motor function deficits of the spinal cord, neuro-
respiratory deficits of the spinal cord and brainstem, autonomic dysfunction, and memory
deficits. These experimental approaches will be reviewed, along with how these approaches
have been used to evaluate therapeutic interventions.

Rodent WNV infections

The general features of WNV infection of rodents are thought to be similar to human
infection. Peripheral injection of WNV in mice and probably hamsters results in
accumulation of WNV-infected cells in the lymph nodes and spleens, which facilitates extra-
neurologic replication, viremia, and exposure of all vascular tissues to the virus. Langerhans
cells are likely vehicles for rapidly transporting the virus from the skin to these lymphatic
tissues (Byrne et al., 2001; Diamond et al., 2003a; Johnston et al., 2000). The development
of IgM or neutralizing antibodies beginning at days 3-5 for both rodents (Diamond et al.,
2003a; Diamond et al., 2003b; Hunsperger and Roehrig, 2006; Morrey et al., 2007) and
human subjects (2002; Busch et al., 2008) eventually removes the virus from the serum and
from extra-neurological tissues, except for low-level persistent virus in kidneys of hamsters
(Tesh et al., 2005; Tonry et al., 2005). There are conflicting reports as to whether there is
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persistent shedding of WNV RNA in the urine of persons (Gibney et al., 2011; Murray et al.,
2010). In the hamster model, infectious viral titers decline to the limits of detection in the
cerebrospinal fluid (CSF) by days 6 due to the appearance of WNV-specific neutralizing
antibodies titers in the CSF (Morrey et al., 2004b; Morrey et al., 2007). Viral antigens are
detected in mice and hamsters in the cerebral cortex, hippocampus, brainstem, and spinal
cord (Hunsperger and Roehrig, 2006; Xiao et al., 2001), and histopathological lesions can be
identified in coronal sections throughout the whole brain and spinal cord (Siddharthan et al.,
2009).

The mechanisms of entry of the virus are uncertain, but according to rodent studies could
involve hematogenous spread of infected cells across the blood brain barrier (BBB)
(Hunsperger and Roehrig, 2009), permeabilization of the BBB (Wang et al., 2004), trans-
cellular movement of virus from the luminal to apical sides of endothelial cells (Verma et al.,
2009; Xu et al., 2012), trafficking of WNV-associated leukocytes across endothelial cells
(Dai et al., 2008), and retrograde axonal infection (Hunsperger and Roehrig, 2006; Samuel
etal., 2007).

The time in which the virus infects the human CNS with respect to the initial exposure to the
virus is not known, but viral proteins and RNA appear in rodent CNS structures within 2-4
days after viral exposure (Hunsperger and Roehrig, 2006). Appearance of infectious virus in
the cerebrospinal fluid of hamsters is a marker for infection of the CNS and occurs at day 4
after viral challenge (Morrey et al., 2007). Overt signs of disease in hamsters such as front
limb tremors, diarrhea, difficulty walking, and paralysis are observed at 7 to 12 days after
subcutaneous viral challenge (Morrey et al., 2004b; Xiao et al., 2001). Two laboratory-
acquired human WNYV infections indicates that febrile illness occurs at 3-4 days after viral
exposure (2002), but the time of onset of WNND in human subjects after viral exposure is
uncertain, except for a patient that developed clinical encephalitis 13 days after receiving
transfusions of blood components, one of which was retrospectively positive for WNV
(Macedo de Oliveira et al., 2004).

One outcome that is markedly different between rodent and human WNV infections is the
mortality rate. Mortality rate in rodents can vary depending on the strain of virus, but rates
with the New York strain and the 2002 strain WNO2 are typically 60-90% (Morrey et al.,
2004a; Morrey et al., 2008c; Oliphant et al., 2005). In contrast, the human mortality rate is
<1% (Petersen and Marfin, 2002). Even though mortality may be a good endpoint for
evaluating therapeutic agents when administered before or slightly after viral exposure and
before the virus has infected the CNS, mortality may not be a suitable endpoint when
evaluating therapeutics that are anticipated to treat neuropathological conditions of WNND.
In light of the fact that WNV-infected people often present to their physicians with signs and
symptoms reflective of WNND, the neurological models of WNV discussed below should
be valuable, or even essential, in developing effective treatments for WNV.

Motor neuron function

WNV can cause poliomyelitis-like illness or acute flaccid paralysis in WNV-infected
persons, which is histologically confirmed in the grey matter of the anterior spinal cord and
in the brainstem of postmortem tissues (Doron et al., 2003; Fratkin et al., 2004; Jeha et al.,
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2003; Sejvar et al., 2005; Sejvar et al., 2003b). Similar histopathology occurs in WNV-
infected hamsters (Morrey et al., 2008b; Samuel et al., 2007; Siddharthan et al., 2009; Xiao
et al., 2001) and mice (Hunsperger and Roehrig, 2006) where the ventral cord has
lymphocytic infiltration, perivascular cuffing, and neurophagia. Similar signs are
documented with nearly all flavivirus encephalitides, i.e., Japanese encephalitis virus (JEV)
(Johnson, 1987), tick-borne encephalitis (TBE) virus (Gelpi et al., 2005), and the murine
Modoc virus (Leyssen et al., 2003). Observing histopathological changes in the central
nervous system (CNS), however, does not necessarily cause or indicate the types of
neurological deficits. For example, the spinal cord functions are vast and diverse, where the
cord acts as a conduit for descending motor functions, as a conduit for ascending sensory
information, and as a center for coordinating sensory/motor reflexes. Essentially, it is a
conduit between the brain and nearly all other body functions. Therefore, histopathological
damage to the spinal cord by WNYV could affect a wide range of neurological disease
phenotypes. Since WNV clearly causes motor function deficits in human subjects, human
clinical procedures employed for evaluating WNND and other motor diseases have been
adapted for measurement of motor functions in rodents infected with WNV.

In neurodegenerative diseases such as poliomyelitis (Ohka and Nomoto, 2001) and
amyotrophic lateral sclerosis (Rashidipour and Chan, 2008; Shefner et al., 2006), the loss of
motor neurons can be clinically detected by using electrophysiological motor unit number
estimation (MUNE) (Dantes and McComas, 1991), where a motor unit consists of a motor
neuron and all its associated muscle fibers. Since a presumptive use of MUNE in the human
WNV infection appears to be a possible marker for muscle weakness and clinical recovery
(Cao et al., 2005), the MUNE procedure was adapted for use in hamsters (Siddharthan et al.,
2009). To perform the MUNE procedure, the rostral sciatic nerve is stimulated with
incremental increases of voltage. The resulting M-wave depolarization and polarization
voltages are recorded at the plantar aspect of the hind limb. As the stimulus is increased,
more motor units are recruited or activated. The increased activation of motor units is
detected by incremental jumps in the amplitude of the M-wave. The more incremental jumps
that are detected, the more motor units the animal possesses. Recordings are obtained from
the minimally detected voltage to the supra-maximal voltage (compound muscle action
potential, CMAP) where no more incremental jumps are detected. The MUNE is calculated
as the average voltage of the increments divided into the CMAP (Shefner et al., 2006;
Shefner et al., 2002).

The use of MUNE procedure successfully identifies slight motor function deficits where
there is visually no overt paresis or paralysis, where there is paresis, or where the level of
MUNE suppression is greatest with overt paralysis (Siddharthan et al., 2009) (Figure 1). In
this figure one can see the uninfected hamster #617 has normal detectable M-waves with
incremental jumps in the amplitude of the M-wave, whereas the WNV-infected #663
hamster does not show these features. In a study investigating the progression of WNV-
induced MUNE suppression, MUNE is suppressed beginning at day 9 after subcutaneous
WNV challenge, and continues beyond day 92 (Siddharthan et al., 2009). To our knowledge
this is the first animal model of WNV long-term neurological sequelae. Additionally, these
studies reveal that reduced staining of cholineacetyltransferase in the motor neuron cell
bodies strongly correlates with MUNE suppression at day 10, whereas the total number of
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neurons does not correlate, which suggests that loss the of motor neuron functions
contributes more to motor deficits than simply death of neurons at this point of disease
progression.

To confirm that defective motor neurons, not axonal degeneration, are the likely cause of the
MUNE suppression, nerve conduction velocity (NCV) is performed, which is a
measurement of the velocity that action potentials travel through motor and sensory fibers.
NCV is obtained in WNV-infected hamsters by measuring the time-delay between
stimulation of the sciatic nerve to measurement of the EMG of the gastrocnemius muscle.
The time-delay of demyelinated axons are slower than normal axons. An experiment with
WNV-infected rodents demonstrated that axons or myelin sheaths are not degenerated,
because the NCV is not slower in WNV-infected rodents (Wang et al., 2011). Therefore,
therapeutic intervention should focus on treating motor neuron dysfunction and not
demyelination.

The advantage of the MUNE procedure is that it successfully detects WNV-induced motor
function deficits specifically in hamsters where other electrophysiological procedures, such
as H-reflex (unpublished data), fail due to technical or biological limitations. The
disadvantage of the MUNE procedure in WNV-infected hamsters is that it requires 1 to 2
hours to assay each hamster, and the detection of the incremental MUNE steps is subjective
for each operator.

An optogenetics approach has also been employed to measure motor function deficits.
Transgenic mice are used that express the light-gated ion channel, channelrhodopsin-2
(ChR2). Because the ChR2 gene is driven by the promoter of choline acetyltransferase
(ChAT), the neurotransmitter for motor neurons, the ChR2 protein is expressed in the
membranes of specifically spinal cord motor neurons (Wang et al., 2013b). When ChR2 is
exposed to blue light, the ion channel opens for exchange of ions, which creates an action
potential across the membrane. As with natural polarization signals, the action potential
transfers through the axon to activate the motor plate of the respective muscle that the
neuron innervates. For example, some motor neurons in the lumbosacral spinal cord
innervate muscles served by the sciatic nerve. To establish the motor function deficit model,
a cannula mount is surgically attached to the dorsal aspect of the spinal cord. To test the
function of the motor neurons in this area, laser optical fibers are placed into the cannula,
and pulses of blue laser light precisely activate motor neurons by opening the light-gated
ChR2. When the lumbosacral-caudal equine of the cord is photoactivated in this way,
electromyography (EMG) can be measured on the gastrocnemius or plantar aspect of the
hind limbs to monitor the photoactivation of the motor neurons. From the data shown in
Figure 2, the blue EMG signal is in exact registration with the optogenetic photoactivation in
red (Wang et al., 2013b). The strength or amplitude of the EMG signal can be quantified
with the root mean square (RMS) calculation, and will provide a suitable endpoint to
measure therapeutic agents anticipated to treat motor function deficits caused by WNV.

When optogenetic photoactivation is performed in transgenic mice infected intrathecally
with WNV, the amplitudes of the EMGs are significantly suppressed compared to transgenic
mice receiving sham infection (unpublished data). Although this optogenetics approach
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requires specialized laser and recording instrumentation committed to the ABSL-3 animal
laboratory, the measurements are not subjective evaluations for individual operators as is the
MUNE procedure. Moreover, the procedure requires 15 minutes for each animal as
compared to MUNE that requires 1 to 2 hours per animal. As this procedure becomes
refined to obtain longitudinal measurements, investigations on the mechanisms of
pathogenesis and treatments for WNV-induced motor function deficits can be investigated.
With this model in hand, one could draw on the extensive research and development of
candidate drugs used to treat other motor deficit neurological diseases, such as for
amyotrophic lateral sclerosis (ALS). For example, Table 2 lists some of the drugs that have
been evaluated for ALS treatment (Morrison, 2002), and might in principle be evaluated for
treatment of WNV-induced motor function deficits using the described optogenetic
photoactivation model.

Respiratory function

Respiratory distress is a serious outcome of WNND (Sejvar et al., 2005), which can result in
respiratory failure with a poor prognosis (Sejvar et al., 2006). Hamster and mouse models
have been used to validate that the respiratory distress is caused by neurological deficits
(Morrey et al., 2012) and is the primary physiological mechanism of death for WNV and
other viral encephalitides (Wang et al., 2013b). Respiratory deficits are measured in these
rodent models by plethysmography (Morrey et al., 2012), oxygen saturation (SaO,) (Morrey
et al., 2012), diaphragmatic electromyography (EMG) (Morrey et al., 2010), and optogenetic
photoactivation of phrenic motor neurons in the cervical cord (Wang et al., 2013b).
Respiratory deficits are further identified by challenging the infected animals with
hypercapnia (7% CO») (Wang et al., 2013b).

Representative tracings of whole body plethysmography are shown for mice (Figure 3). The
principle is that as the rodent breathes in the sealed chamber, changes in voltage are
recorded from pressure-sensitive transducers. Qualitatively, one can tell the difference in the
tracings between sham-infected and WNV-infected mice, particularly if the animals are
noticeably moribund (Figure 3). To quantitatively interpret the patterns, the shapes of the
curves are mathematically described by 16 different algorithms with the apparatus used in a
WNV study (minute volume, tidal volume, enhanced pause, end expiratory pause, end
inspiratory pause, peak expiratory flow, peak inspiratory flow, frequency, inspiratory time,
expiratory time, relaxation time, pause, time delay, specific airway resistance, specific
airway conductance, mid-expiratory flow) (Morrey et al., 2012). Of the 8 parameters
markedly affected by WNV infection, minute volume (MV) as a measure of lung capacity
over time was the most unambiguous indicator of WNV-induced respiratory stress. The
suppression of MV during development of neurological disease is also supported by reduced
Sa0, as measured by pulse oximetry (Morrey et al., 2012); however, pulse oximetry is less
accurate in mice and is not performed on hamsters due to the lack of sufficient tail for the
application of a cuff.

The use of plethysmography facilitated the discovery that respiratory insufficiency is the
likely physiological mechanism of death for a subset of arboviral encephalitides, including
WNV (Wang et al., 2013b). Respiratory insufficiency is the only physiological readout that
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correlates strongly with WNV-induced mortality (Morrey et al., 2012) (Figure 4). No other
disease parameters in WNV-infected rodents, i.e., cerebral edema, overt seizures, starvation
or dehydration, cardiac abnormalities, paralysis, nose bleeding, front limb tremors, memory
loss, or autonomic dysfunctions correlate with mortality (Morrey et al., 2004b; Morrey et al.,
2008a; Morrey et al., 2008b; Siddharthan et al., 2009; Smeraski et al., 2011; Wang et al.,
2011). Remarkably, respiratory insufficiency as measured by % normal MV caused by
Japanese encephalitis virus (JEV), neuro-adapted Sindbis virus (NSV), North American
tick-borne encephalitis Powassan virus (not shown) also correlates strongly with mortality
(Wang et al., 2013b) (Figure 4). Of those animals that died, as marked by yellow circles in
the figure, the MV was suppressed below 2 standard deviations of the values from sham-
infected and normal mice. However, respiratory insufficiency is not associated with death of
mice infected with Western equine encephalitis virus (WEEV), which suggests that
respiratory insufficiency is the physiological mechanism of death for a subset of
encephalitides, but not all. Since respiratory insufficiency is a good predictor as to which
individuals may die, suppression of MV might be used as a trigger to employ therapies to
prevent death, which otherwise might not be indicated.

EMG of the diaphragm has been valuable in establishing the neurological cause of
respiratory insufficiency. Early in development of the procedure, electrodes attached to near
the predicted motor plates of the diaphragm and exiting the dorsal skin of the animal
allowed for measurements of EMG over time in alert, non-anesthetized hamsters (Morrey et
al., 2010). This procedure is surgically involved, but has yielded data to indicate that WNV-
infected mice develop diaphragmatic EMG suppression as compared to sham-infected
animals.

The diaphragmatic EMG readout was further developed in anesthetized mice to eliminate
variability of behavior in alert animals (Wang et al., 2013b). Bilateral vagotomy is
performed on ventilated isoflorane-anesthetized mice to abolish mechanoreceptor feedback.
In these mice, diaphragmatic EMG signals are not detected. The middle EMG tracing of
each mouse in Figure 5 shows the absence of diaphragmatic EMG signals in vagotomized
mice infected with WNV, WEEYV, and sham. When the anesthetized mice are then exposed
to hypercapnia at 7% CO», the chemoreceptor cells in the medulla oblongata signal
innervation of the diaphragm and are detected by EMG (bottom tracings, Figure 5). The
WNV-infected mouse (#594) with confirmed respiratory insufficiency as detected by
plethysmography does not show any EMG signal, as compared to sham- and WEEV-
infected mice that had robust EMG signals of the diaphragm in response to hypercapnia. The
loss of diaphragmatic EMGs for WNV is consistent with loss of plethysmography results
(Figure 4). Essentially, anesthetized WNV-, POWV-, and NSV-infected animals, but not
WEEV-infected animals, are not able to neurologically compensated for hypercapnia
(Morrey et al., 2012).

Another respiratory neurological deficit in phrenic neurons is detected with the use of the
same optogenetics transgenic mice expressing ChR2 in their spinal cords as employed to
measure motor function deficits in Figure 2. Since the ChR2 is expressed from the choline
acetyltransferase promoter, the function of phrenic neurons in the cervical cord controlling
the innervation of the diaphragm can be monitored in infected mice (Wang et al., 2013b).
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When the cervical cord (C4-5) neurons are illuminated with fiber optics, EMG activation can
be detected in the diaphragms of sham-infected mouse #170 (Figure 6). The amplitudes of
the EMGs from transgenic mice infected subcutaneously with WNV (#157) are significantly
suppressed compared to transgenic mice receiving sham, which correlates with a histological
loss of the numbers of these neurons with orexin-1 receptor staining (Wang et al., 2013b).
Therefore, development of plethysmography, diaphragmatic EMG, and optogenetic
procedures reveals that WNV-infected mice die from respiratory insufficiency due to
neurological deficits, and that therapeutic intervention strategies should target these deficits.

Autonomic function

Experimental procedures have been developed to monitor autonomic dysfunction in WNV-
infected rodents (Wang et al., 2011), since human clinical studies and case reports have
identified certain signs and symptoms that are reflective of autonomic dysfunctions. Heart
rate variability (HRV) has been used as a well-accepted and widely-used indicator of
autonomic function in human patients and in rodents (1996). Parasympathetic autonomic
function affects heart rate by cardiopulmonary coupling, which is the neurological
connectivity that causes the heart rate to increase during respiratory inspiration and causes it
to decrease during expiration. This physiological event is referred to as respiratory sinus
arrhythmia (Grossman and Taylor, 2007), and it results in more efficient cardiopulmonary
function. Therefore, higher HRV is an indicator of healthy autonomic parasympathetic
function. Conversely, reduced HRV is an indicator of unhealthy parasympathetic function.

The HRV is monitored in rodents infected with WNV using radiotelemetry chips (Wang et
al., 2011). A midline dorsal incision is made along the spine, and a subcutaneous pocket is
made to house the telemetric device. Two recording-leads subcutaneously tunneled toward
the left and right clavicular regions are sutured to the pectoral muscles. Telemetry receivers
on platforms under the cages are used to collect data for calculating the frequency and time
domains, which are mathematical computations used to identify HRV. The frequency
domain is analyzed with the power spectral densities of the heartbeats based on the fast
Fourier transform. The time domains are based on the time of each beat between the ECG R
peaks. From these data the mean R-R interval, and standard deviation of normal R-R
intervals are calculated for each animal. During the development of WNND, the HRV is
progressively reduced in hamsters, which suggests that WNV infection causes autonomic
dysfunction in hamsters and possibly in infected people. It is currently not known at this
time, however, the locations of neurological lesions that contribute to this autonomic
dysfunction. Observations of similar radiotelemetry studies indicate that mice do not
develop reduced HRV despite the development of fatal WNND, and that autonomic
dysfunction is not the physiological cause of death (Wang et al., 2013b), whereas as
discussed previously, respiratory insufficiency from lesions directly affecting respiratory
function is likely the physiological cause of death. These data suggest that drugs affecting
the autonomic nervous system are not likely to affect mortality, but might be beneficial for
some limited autonomic dysfunctions.
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Published clinical records and surveys indicate that some WNV-infected patients complain
of memory problems (Carson et al., 2006; Cook et al., 2010; Gottfried et al., 2005). Rodent
models with Theiler’s murine encephalomyelitis virus (Buenz et al., 2006) and Borna
disease virus (Rubin et al., 1998) develop spatial memory loss, which is associated with
infection in the hippocampus. To experimentally evaluate spatial memory in WNND,
infected hamsters are evaluated in a Morris water maze (MWM) test. Motor function tests
are first used to identify surviving animals that have normal motor functions before entering
them into the MWM test, so as to not confound the memory results with their inability to
swim normally (Smeraski et al., 2011). The MWM test consists of a circular water basin
filled with cloudy water placed under a video surveillance camera. Swimming animals are
trained to remember the position of a submersible platform on which they can anticipate
resting. Fifty-six percent of infected hamsters spend more time in the quadrant of the
submersible platform than the other three quadrants, as compared to 92% of hamsters treated
with a WNV-specific antibody (hE16) to prevent infection (Smeraski et al., 2011), which
substantiates the notion that WNV-infected persons can have memory deficits, and that these
deficits can be investigated with the use of rodent models which may provide opportunities
for therapeutic intervention.

Due to the specialization of the procedures described in this review, and that
neurophysiological procedures are typically not found in ABSL-3 virology laboratories, the
utility of these procedures are limited by most investigators. Nevertheless, new avenues of
discovery in basic neurovirology, preclinical therapeutic development, and clinical
applications for viral encephalitis are likely available to those willing to make the financial
and personnel investments in these neurological approaches.

Plethysmography is very useful in detecting acute arbovirus-induced respiratory failure in
rodents, which is likely the physiological mechanism of death. Commercially available
instrumentation for rodents facilitates operation after sufficient training by the supplier.
Other benefits of whole body plethysmography are the use of non-sedated mice and time of
the procedure that takes <2 minutes per mouse. If multiple chambers are available, multiple
mice can be measured simultaneously.

The utility for basic neurovirology is that plethysmography has been (Morrey et al., 2012;
Wang et al., 2013b), and should be useful in identifying the neuro-anatomical location of
lesions responsible for respiratory failure, and the physiological, molecular, and cellular
mechanisms of death. In preclinical development, this basic knowledge of pathogenesis
should provide targets for therapeutic intervention. It is also conceivable that early
respiratory monitoring of viral infected patients might alert the physician to the onset of
more serious complications of encephalitis. The disadvantage of plethysmography is that
WNND is usually not fatal in human patients, so other assays are necessary to measure more
common neurological deficits.
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Since poliomyelitis-like disease and motor function deficits are well documented in some
arbovirus-infected patients, tools to neurologically monitor motor function deficits in rodent
models is important, if not necessary, to discover the physiological mechanisms of this
deficit. Tools such as EMG and optogenetic photoactivation will be important to pre-
clinically evaluate candidate therapeutics (Table 2). Since mortality is not a surrogate
readout to monitor limb motor deficits (Morrey et al., 2010; Morrey et al., 2008b;
Siddharthan et al., 2009), these neurological tools are probably essential for pre-clinical
development of therapeutics. Such studies will also solidify the value of current clinical tests
of motor function. Optogenetic photoactivation of motor neurons in the spinal cord is our
favored experimental assay by us for measuring motor deficits responsible for limb
weakness, paresis, or paralysis. The procedure essentially has two components: optogenetic
stimulation and EMG readout. The main advantage of the optogenetics approach is the
accuracy, exquisite sensitivity, and quantitative measurements of subclinical limb weakness
to overt paralysis. EMGs are relatively straightforward to perform. The disadvantages are
that the procedure requires transgenic mice expressing channelrhodopsin in motor neurons,
surgical expertise, specialized training in optogenetics, and assembly of specialized
instruments. The alternative for measuring motor deficits is motor unit number estimation
(MUNE), which is multiple EMG measurements of limb muscle at sequentially different
levels of voltage stimulation of the nerves innervating the muscle, but it is difficult to
perform, subjective, employs custom-assembled instrumentation and software, and is best
performed only in hamsters as opposed to mice.

Surgically implanted radiotelemetry chips have proven to be useful to experimentally
monitor autonomic function by HRV, ECG cardiac function, temperature, and activity levels.
They might be useful for measuring loss of circadian rhythm, but further studies are
necessary to confirm loss of circadian rhythm. Chips designed to measure blood pressure,
however, involve difficult surgical procedures that limit their utility. These basic
physiological studies may help to investigate autonomic dysfunctions in patients and may
serve to better clinically manage the disease using currently available clinical tests.

The electrophysiological and physiological approaches described herein have been valuable,
and should be valuable in the future, to help elucidate physiological mechanisms of WNND
and to identify clinically relevant endpoints for evaluating therapies. The authors are
currently evaluating the efficacy of a neurotropic factor on motor deficits, and are planning
the evaluation of antagonists to receptors of a respiratory regulatory protein using these
procedures. Ultimately, the advancements described in this review should help with the
development of future treatments and management of WNND and other arboviral
encephalitides.
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Highlights

1. Neurological procedures can be used to investigate West Nile virus disease in
rodent models.

2. Respiratory deficits are identified by plethysmography and EMG of the

diaphragm.
3. Motor deficits are detected by motor unit number estimation and EMG of
muscle.
4, Deficits of motor neurons are identified by optogenetic photoactivation.
5. Morris water maze testing reveals spatial memory deficits in hamsters

surviving WNV infection.
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Figure 1.
M-wave tracings from hind limbs of WNV-infected hamster with paresis or paralysis for

calculation of MUNE (Siddharthan et al., 2009). Animal #671 was uninfected. Hamster
(#663) was injected s.c. with WNV, which became paralyzed in the right limb and had
paresis (limb weakness) on the left limb. MUNE in both limbs are graphically represented.
The graphs are constructed such that the greater number of MUNE increments produces
more of the color spectrum beginning with yellow, to orange, to red, and to blue.
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Figure 2.
Optogenetic photoactivation of lumbosacral cord motor neurons. An uninfected ChAT-

mhChR2-YFP transgenic mouse was implanted with a cannula mount. A fiber optic was
inserted into the cannula mount and pulsed with blue-light to activate the neurons containing
the ChR2. Red color indicates the photoactivation signal. Blue color indicates the EMG
signal of the gastrocnemius muscle.
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Figure 3.
Representative minute volume (MV) plethysmography tracings in a normal C57BL/6 mouse,

a not-moribund WNV-infected mouse, and a moribund WNV-infected mouse with lethargy.
(right) Picture of plethysmography chamber.
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Figure 4.

Correlation of mortality with suppressed minute volume (MV) in mice infected with WNV,
Japanese encephalitis virus (JEV), neuroadapted Sindbis virus (NSV), and Western equine
encephalitis virus (WEEV). To calculate the daily normal average MV for determining the

percent normal value of each measurement, 10 normal mice for WNV, 10 sham-infected

mice for JEV, 10 sham-infected mice for NSV, and 10 sham-infected mice for WEEV were
used. The horizontal dotted lines were two standard deviations (2SD) from the mean of all

percent normal values across all days. Yellow circles indicate those animals that died.
(Adapted from Figure 1 in open-access publication (Wang et al., 2013b)).
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Figure 5.
Effect of arboviral infections on diaphragmatic EMGs of mice challenged with hypercapnia.

C57BL/6 mice were infected with sham, WNV, or WEEV. Plethysmography was performed
daily to detect the virally infected mice having MV values below 2SD of the normal MV
values. The diaphragmatic EMGs of these mice with respiratory 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). The animal numbers, MV values, and RMS values
reflecting the amplitudes are all listed above the EMG readings. (Adapted from Figure 3 in
open-access publication (Wang et al., 2013b))
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Figure 6.

Effect of WNV infection on EMG of diaphragms of ChAT-mhChR2-YFP transgenic mice
challenged with optogenetic photoactivation of C3-C4 cervical cord containing motor
neurons innervating the diaphragm. Mice were infected with sham or WNV.
Plethysmography was performed daily to detect the WNV-infected mice having MV values
below 2SD of the normal MV values. The diaphragmatic EMGs of the mice with respiratory
insufficiencies were then measured before (top EMG readings) and after intubation and
vagotomy (not shown) to confirm the absence of EMG readings. An optical fiber was
inserted between C3-C4 vertebrae (Morrey et al., 2008b). Diaphragmatic EMG was used to
measure photoactivation of the phrenic neurons. The EMGs of the diaphragm (blue) were
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directly aligned with the photoactivation signals (red). (Adapted from Figure 1 in open-
access publication (Wang et al., 2013b))
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Treatments evaluated for amyotrophic lateral sclerosis (ALS) that might be suitable for treatment of motor
function deficits of WNV. Reviewed in (Morrison, 2002).

Antiglutamate agents
Riluzole

L-threonine
Dextromethorphan
Lamotrigine

Gabapentin

Neurotrophic agents
CNTF

BDNF

GDNF

IGF-1

TRH

Xaliproden

Immunomodulators
Azathioprine
Cyclophosphamide

Cyclosporine

Calcium regulators
Verapamil

Nimodepine

Cholinergic system
Pysostigimine
3-4 diaminopyridine

Tetrahydroaminoacridine

Antioxidants
Topiramate
D-penicillamine
Selegiline
N-acetyl cysteine

Vitamin E

Mitochondrial function

Creatine
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