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Abstract: Eastern (EEEV), Venezuelan (VEEV), and western equine encephalitis viruses (WEEV) are
members of the genus Alphavirus, family Togaviridae. Typically spread by mosquitoes, EEEV, VEEV,
and WEEV induce febrile illness that may develop into more severe encephalitic disease, resulting
in myriad severe neurologic sequelae for which there are no vaccines or therapeutics. Here, we
summarize the clinical neurologic findings and sequelae induced by these three encephalitic viruses
and describe the various animal models available to study them. We emphasize the crucial need
for the development of advanced animal modeling combined with the use of telemetry, behavioral
testing, and neuroimaging to facilitate a detailed mechanistic understanding of these encephalitic
signs and sequelae. Through the use of these systems, much-needed therapeutics and vaccines can
be developed.
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1. Introduction

Alphaviruses are members of the Togaviridae family [1]. These viruses are spherical and
enveloped, with single-stranded, positive-sense RNA genomes [2]. The 9.7–11.8 kilobase
(kb) genome encodes a total of ten proteins: four nonstructural proteins (nsP1 through
nsP4) and six structural proteins (E1, E2, E3, capsid, transframe [TF], and 6 K) [3,4]. The
four nonstructural proteins each play a role in viral replication, while the structural proteins
are crucial for viral assembly [4].

There are over 30 identified species of alphaviruses [1]. Members of the genus Al-
phavirus can be grouped both antigenically and geographically into eight antigenic/genetic
complexes [2,5]. Geographically, alphaviruses are separated into Old World and New World
viruses and are present on every continent except Antarctica [2,5,6]. Old World viruses are
found throughout Asia, Africa, and Europe [7]. Human pathogenic Old World alphaviruses
include Barmah Forest (BFV), chikungunya (CHIKV), o’nyong-nyong (ONNV), Ross River
(RRV), and Sindbis viruses (SINV) [5,7]. New World alphaviruses occur throughout the
Americas [7], and eastern equine encephalitis (EEEV), Mayaro (MAYV), western equine
encephalitis (WEEV), Una (UNAV), and Venezuelan equine encephalitis viruses (VEEV,
and related viruses in the VEE complex) cause disease in humans [5,7].

Most alphaviruses are transmitted by hematophagous arthropods [4,8]. While the
majority are spread by mosquitoes, lice, ticks, and cliff swallow bugs may also play a role
in transmission [6,8–10]. Due to the wide range of hosts targeted by these hematophagous
vectors, alphaviruses are maintained within a variety of susceptible vertebrate hosts that
generate sufficient viremia to propagate the transmission cycles [4]. As there are no
approved vaccines against alphaviral diseases, the best forms of protection include basic
prevention against mosquito contact: using insect repellant, wearing clothing to cover arms
and legs, using mosquito nets, and eliminating nearby aquatic larval habitats [11].
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The objective of this review is to briefly summarize the clinical findings and sequelae
of the three main encephalitic alphaviruses causing severe disease and sequelae in humans:
EEEV, VEEV, and WEEV. Current animal models will also be reviewed, with a focus on their
manifestations of various sequelae. Complete understanding of the mechanisms driving
pathogenesis and sequelae for these encephalitic viruses is crucial for the development of
vaccines and therapeutics. Examining where the deficiencies and advantages lie within the
available animal models can inform the development of models that will accurately portray
the diseases they study. In doing so, therapeutics can be developed for those suffering
these debilitating sequelae.

2. New World Encephalitic Alphaviruses

New World alphaviruses are known to induce encephalitic sequelae. The three pre-
dominant viruses in this category include EEEV, VEEV, and WEEV [8]. There are no
approved vaccines to protect against disease caused by these viruses [12,13]. However,
there are formalin-inactivated and live-attenuated vaccines provided to laboratory work-
ers as well as members of the United States military, such as the live-attenuated VEEV
strain TC-83 [14]. Up to half of TC-83 vaccinees suffer adverse events, including fever,
headache, malaise, myalgia, respiratory symptoms, sore throat, loss of appetite, transient
electrocardiographic abnormalities, and even spontaneous abortion, and many do not
seroconvert [15–17]. All signs and symptoms resolve within 36 h [15,16]. Treatment for
those infected with New World alphaviruses is limited to supportive care [13,14]. Due to
their high lethality, incapacitating disease, and aerosolization potential, these agents have
historically been investigated for their use as biological weapons [18].

2.1. Eastern Equine Encephalitis Virus (EEEV)

EEEV occurs predominately throughout eastern North America as well as periodically
in the Caribbean [8,19]. Variants found in North America tend to be more virulent than
strains found in Central or South America [19]. These marked differences in location and
severity led to the South American strains of EEEV being reclassified as their own virus
and species, Madariaga virus (MADV) [20].

Few cases of EEE are reported each year, an average of 11, and epidemiologic investi-
gations suggest that only around 4–5% of infections result in reported disease [21,22]. The
incubation time ranges from 4 to 10 days and infection results in febrile illness with or
without neurologic signs [12]. An estimated one-third of diagnosed cases are fatal, although
this can be elevated to up to 90% [8,12,22,23]. Patients that develop no signs of neurologic
involvement during the acute phase tend to recover completely, with no lasting seque-
lae [8,12]. Less than 5% of epidemiologically suggested cases develop signs or symptoms
of neurologic disease, which include vomiting, seizures, diarrhea, fever, headache, coma,
drowsiness, and behavioral changes [12,22,24,25]. The onset is often dependent on age,
with younger patients developing signs earlier during acute disease as compared to older
children and adults [12]. Age also plays a role in the severity of disease, with patients under
15 and over 50 being more likely to develop severe illness [21]. Another factor is the length
of the prodromal phase prior to development of neurologic signs, with a longer prodrome
being correlated with a more favorable outcome [26].

At least half or as high as 90% of neurologic cases develop lasting sequelae [14,24,27],
including seizures, convulsions, altered mental status, somnolence, and intellectual disabil-
ity [14,26,28]. This results in a very high cost of typically institutionalized care, often for
life [29]. Follow-up evaluations of survivors indicate a potential for cognitive improvement
and motor rehabilitation; 40% of patients overall demonstrate improvement, whereas 75%
of those with severe deficits demonstrate sequelae improvement [26]. The exact cause of
these sequelae remains unknown. Autopsy findings indicate viral-induced inflammatory
and necrotic changes correlated to central nervous system (CNS) regions with abnormalities
observed by magnetic resonance imaging (MRI) [25,26]. MRI scan results obtained without
contrast may demonstrate gradually increasingly obvious foci of fluid-attenuated inversion
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recovery (FLAIR) and T2 abnormalities within the basal ganglia, thalamus, and cortex,
ultimately indicating diffuse encephalitis [25,30,31]. Computed tomography (CT) scans are
not typically helpful in diagnosis and show no to minimal pathologic changes [25,30,31].

Animal modeling of EEE in mice, guinea pigs, and macaques suggests that viral
entry into the brain, inducing the associated neurologic disease and sequelae, may occur
through the olfactory bulb in the case of aerosol exposure [23,27,32]. However, the related
VEE and WEE viruses can enter murine brains through the circumventricular organs
before spreading to other regions after peripheral infection; this non-olfactory entry route
cannot be ruled out for EEEV following peripheral infection [33]. Moreover, the cause
of neurologic signs may be from neurologic dysfunction as opposed to neuronal death,
as suggested by the lack of histopathological lesions within the brain [27]. As EEEV has
previously been studied as a potential bioweapon, understanding all potential mechanisms
of neurologic infiltration and disease following respiratory infection is crucial for vaccine
and therapeutic development.

However, due to the small number of annual cases and typically high mortality rate,
further clinical characterization of EEEV-induced sequelae is difficult. The development of
therapies to minimize sequelae and promote recovery relies on animal modeling. Current
lethal models resulting in neurologic signs include mice, golden hamsters, guinea pigs,
and non-human primates including cynomolgus macaques and the common marmoset
(see Table 1) [23,27,32,34–42]. The majority of modeling is focused on intranasal or aerosol
exposure, which may be relevant from a biodefense perspective [32,34,35,37,38,40,41].
However, as natural infections occur via mosquito transmission, models that characterize
pathogenesis through subcutaneous exposure are also important [36,37,39,42].

Table 1. Clinical and animal modeling of neurologic disease with eastern equine encephalitis virus
(EEEV) infection.

Species Neurologic Signs Route of
Infection References

Human Clinical

Signs: vomiting, seizures,
diarrhea, fever, headache,

coma, drowsiness,
behavioral changes
Sequelae: seizures,

convulsions, altered
mental status,

somnolence, intellectual
disability

Aerosol or
subcutaneous [12,14,24–28]

Mouse
BALB/c

Tremors, altered behavior,
fixed gaze, inability to

respond to stimuli,
reduced motor control

Intranasal [34]

C57BL/6 Tremors Subcutaneous [39]

Hamster Golden
Syrian Coma, stupor Subcutaneous [36]

Guinea Pig Hartley Encephalitis Aerosol [32]

Non-human
Primate

Cynomolgus
Macaques

Tremors, seizures,
twitching, ataxia, head
pressing, nystagmus

Aerosol [38,41]

Ataxia, tremors,
lethargy, imbalance Cutaneous [42]

Marmosets Tremors, behavioral
changes, imbalance Aerosol [35,40]
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BALB/c mice intranasally inoculated with EEEV develop encephalitis and neurologic
signs just prior to death, including tremors and altered behavior, as indicated by a fixed
gaze, inability to respond to stimuli, and reduced motor control [34]. C57BL/6 mice in-
oculated via the footpad develop neurologic signs including tremors [39]. Golden Syrian
hamsters develop coma and stupor, with histopathological analysis indicating encephalitis
and vasculitis within the brain [36]. While guinea pigs are less susceptible to disease than
mice, they develop neurologic signs at a higher rate, including encephalitis and coma [32].
Macaques infected via aerosol develop neurologic signs including tremors, seizures, twitch-
ing, ataxia, head pressing, and nystagmus [38,41]. Cutaneous infection of macaques results
in ataxia, tremors, lethargy, and imbalance [42]. Marmosets infected via aerosol develop
neurologic signs including tremors, behavioral changes, and imbalance [35,40]. While all
of these models develop visible neurologic signs that are valuable for the development of
vaccines and therapeutics, researchers are limited to findings typically observed during
general health checks. These findings are complicated by the effects of human presence in
the vivarium, which likely interferes with observations of many neurologic signs, especially
when working with non-human primates.

Advancements in the application of telemetry and remote monitoring have given
researchers great insight into the development of sequelae using a cynomolgus macaque
model for EEE [23,38,41,43]. Data from these studies provide valuable information that
is inaccessible by simple daily observations, even by highly trained veterinarians, and
periodic body weight/temperature measurements. Implanted telemetric devices indicate
abnormalities on electroencephalographs (EEG) in regions associated with deep sleep as
well as increased intracranial pressure [38,41]. Another telemetric study examined the
changes in electrocardiography (ECG) with alterations correlated with fever [43].

Recently, more advanced telemetric devices have been implanted into macaques prior
to infection, allowing researchers to conduct constant monitoring of EEG, ECG, heart rate,
activity, body temperature, respiration rate, and blood pressure [23]. These primates were
then exposed to EEEV strain V105 through aerosol challenge and monitored continuously
via telemetry and staff observations through 140 h post-infection. Data from the telemetric
devices were time-matched to baseline activity and split into daytime and nighttime
windows. Overall, dramatic changes were detected, and activity measurements indicated
disruption of the circadian rhythm, decreased consumption of food and fluid, as well as
seizures presenting within the last few hours of the study [23].

2.2. Venezuelan Equine Encephalitis Virus (VEEV)

Venezuelan equine encephalitis virus (VEEV) occurs from Mexico through northern
South America [19,44], and causes outbreaks in both equids and humans, resulting in a
potential for great impact on the agricultural economy of endemic regions [19]. The VEE
complex consists of various antigenic subtypes, with each having unique characteristics as
pertain to epidemiology, ecology, and virulence [19,44]. For example, subtypes IAC and IC
cause severe disease in both humans and equids, while subtype ID only causes disease in
humans [19].

The majority of VEE cases are symptomatic but present only with signs of nonspecific
febrile illness, which occur after a short incubation time ranging from 27.5 h to four days
post-exposure [19,45]. Signs and symptoms include fever, chills, headache, myalgia, retro-
orbital pain, nausea, vomiting, and arthralgia [44–47]. These are very similar to those caused
by dengue virus, a flavivirus common in endemic regions, often resulting in misdiagnosis
and underestimation of the VEE burden [44,48]. This results in the underestimation of case
numbers, severity, and the economic impact of VEE.

Neurologic signs appear in an estimated 14% of cases, with case fatality rates ranging
from 1 to 10% [14,19,49]. These signs include drowsiness, coma, seizures, convulsions,
depression, disorientation, paralysis, and encephalitis [19,44]. The onset of neurologic signs
appears to be age related; 35% of cases under 5 years of age develop neurologic signs as
opposed to 5% of cases under 15 [19,44,49]. Up to 14% of survivors suffer myriad neurologic
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sequelae, including paralysis, convulsions, somnolence, seizures, coma, confusion, epilepsy,
intellectual disability, altered personality, mental incapacity, photophobia, hearing loss,
anosmia, ageusia, depression, recurrent headaches, and fatigue [14,19,44,45,50].

Due to the high rates of misdiagnosis and a paucity of autopsy and other clinical sam-
ples, full characterization of clinical VEE is difficult. Current data indicate that VEEV entry
to the murine brain after subcutaneous exposure may occur in areas lacking a blood–brain
barrier, including the hypothalamus, pineal body, area postrema, and the anteroventral
third ventricle region [33]. Other research indicates that neuroinvasion following subcuta-
neous infection may occur after viral replication within the olfactory and dental tissues [51].
As with EEEV, studies examining VEEV infection both via subcutaneous and aerosol or
intranasal exposure are important to better understand both natural and deliberate routes
of exposure. Reliable animal models are crucial for the development of effective vaccines
and therapeutics, as well as for understanding mechanisms driving neurologic signs and
sequelae. Table 2 outlines the neurologic signs of clinical infection in comparison to current
animal models.

Table 2. Clinical and animal modeling of neurologic disease with Venezuelan equine encephalitis
virus (VEEV) infection.

Species Neurologic Signs Route of
Infection References

Human Clinical

Signs: drowsiness, coma,
seizures, convulsions,

depression, disorientation,
paralysis, encephalitis

Sequelae: paralysis,
convulsions, somnolence,
seizures, coma, confusion,

epilepsy, intellectual
disability, altered

personality, mental
incapacity, photophobia,

hearing loss, anosmia,
ageusia, depression,

recurrent headaches, fatigue

Aerosol or
subcutaneous [14,19,44,45,50]

Mouse

BALB/c Succumb prior to
neurologic signs

Aerosol or
subcutaneous [52–54]

CD-1 Hind limb paralysis Subcutaneous [33,51,55]

CB17 Paralysis Subcutaneous [56]

SCID Severe aggression, ataxia,
unresponsiveness to stimuli Subcutaneous [56]

Hamster Golden
Syrian

Succumb prior to
neurologic signs

Aerosol or
subcutaneous [57,58]

Non-
human
Primate

Cynomolgus
Macaques

Ataxia, fever, depression,
tremors, twitching,

photophobia, nystagmus,
hypothermia

Aerosol [52,59,60]

No clinical or
neurologic signs Cutaneous [42,61]

BALB/c mice receiving either aerosol or subcutaneous inoculation develop lethal
illness, succumbing to infection before the neurologic phase of disease [52–54]. CD-1 mice
have previously been used to study VEEV neuroinvasion via subcutaneous footpad in-
jection, which is lethal, with mice developing hind limb paralysis [33,51,55]. CB17 mice
develop a lethal infection following subcutaneous exposure, with all exhibiting paralysis
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and histological encephalitis prior to death [56]. Severe combined immunodeficiency (SCID)
mice also develop severe neurologic signs post-subcutaneous exposure; all develop behav-
ioral changes leading to severe aggression, followed by ataxia and an unresponsiveness
to stimuli before succumbing to infection [56]. No encephalitis or paralysis is observed in
SCID mice [56]. Golden Syrian hamsters develop lethal disease post-aerosol exposure [58].
Subcutaneous infection also results in lethal disease without signs of encephalitis, although
severe brain lesions are present upon histological exam [57]. Secondary bacterial infections
may contribute to fatality, as indicated by lesions within the intestinal membranes [57].
Guinea pig models are less clinically relevant and are typically used to model equine
infections with strain-specific lethality [62,63].

VEEV infection is non-lethal in the cynomolgus macaque model and rarely results
in neurologic signs or sequelae, consistent with most human infections [61]. Cutaneous
infection yields a trend of weight loss; transient viremia is detected through 3 days post-
infection [42]. Aerosol exposure of macaques results in transient fever and viremia along
with mild clinical signs such as loss of appetite, lethargy, hunched posture, and reduced
movement [61,64,65]. However, macaques inoculated via aerosol with enzootic strains of
VEEV develop a clinically relevant biphasic fever, as well as neurologic signs including
ataxia, fever, depression, tremors, and hypothermia [52,60]. The disease progression in the
macaque model is clinically relevant; infections feature low lethality and rare instances of
neurologic sequelae. However, despite being consistent with human infections, this pattern
is not ideal when attempting to better characterize the neurologic aspects of disease from a
vaccine and therapeutic development perspective.

As neurologic signs of disease in macaques have been unreliable, recent applications of
advanced telemetry to monitor intracranial pressure, body temperature, and EEG measure-
ments have contributed greatly to the understanding of neurologic disease [59]. Combined
with daily clinical observations, results of this telemetric study demonstrated biphasic fever
as well as increases in intracranial pressure, while changes in EEG measurements indicated
reduced sleep during the second bout of fever [59]. Common neurologic signs included
mild tremors, twitching, and photophobia; ataxia and nystagmus were observed, but at
infrequent rates [59]. Other research has applied the use of implantable devices to monitor
ECG activity, demonstrating alterations correlated with fever [43]. Further application of
such advanced telemetry will undoubtedly further elucidate the progression and severity
of VEEV neurologic signs and sequelae that are poorly understood due to the lack of clinical
data. While application of these tools may often be cost prohibitive in some cases, it will
lead to more predictive preclinical evaluation vaccines and therapeutics and contribute to
detailed mechanistic studies.

2.3. Western Equine Encephalitis Virus (WEEV)

WEEV is found throughout Canada, northern South America, Central America, and
the western and central United States [13,14,66]. In North America, human and equine
cases of WEEV have not been reported since 1994, and the virus itself has not been reported
from mosquito populations since 2008 [67,68]. This dramatic reduction in case numbers is
unlikely to be due to changes in virulence, but is likely due to changes in exposure rates
reflecting ecologic drivers of enzootic circulation among avian hosts [69,70].

The WEEV incubation time ranges from 5 to 10 days [13]. Similar to the other en-
cephalitic alphaviruses, the majority of human cases present with mild symptoms, includ-
ing malaise, headache, myalgia, chills, and fever [13,71]. More severe disease presents with
neurologic signs including confusion, coma, weakness, drowsiness, and irritability [13].
Similarly to VEEV and EEEV, severity of disease appears to be age related, with up to
one-third of infants developing major complications, in contrast to an estimated 13% of
adults [13]. The case fatality rate is estimated around 3%, although cases presenting with
neurologic signs have increased fatality rates up to 15% [13,66,72].

Neurologic sequelae following infection occur in up to 30% of cases [14]. Half of surviv-
ing infants and children suffer permanent brain damage and sequelae [66,72,73], including
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behavioral changes, tremors, convulsions, seizures, photophobia, confusion, intellectual
disability, irritability, depression, anxiety, paranoia, emotional instability, and deficits in
hearing and speech [14,73–75]. Two reports indicate respiratory problems, with one patient
diagnosed with alveolar hypoventilation and another with sleep apnea [14,76,77]. These
sequelae may be permanent, with follow-up evaluations still indicating persistence through
seven years post-infection [14,75].

Historically, WEE case reports offer perhaps the most insights on neurologic sequelae
following any alphavirus infection [14]. Additionally, with its high rate and wide variety
of sequelae, animal modeling of WEEV may greatly contribute to the understanding of
the pathogenesis and mechanisms of viral encephalitis in general. Currently, research
indicates that WEEV entry to the brain after subcutaneous exposure may occur in areas
lacking a blood–brain barrier, including the hypothalamus, pineal body, area postrema,
and the anteroventral third ventricle region [33]. Therefore, animal models that accurately
reproduce both acute disease and sequelae are essential for the development of vaccines
and much needed therapeutics. Table 3 outlines the neurologic signs of clinical infection in
comparison to current animal models.

Table 3. Clinical and animal modeling of neurologic disease with western equine encephalitis virus
(WEEV) infection. a strain specific.

Species Neurologic Signs Route of
Infection References

Human Clinical

Signs: confusion, coma,
weakness, drowsiness,

irritability
Sequelae: behavioral changes,

tremors, convulsions,
seizures, photophobia,
confusion, intellectual
disability, irritability,

depression, anxiety, paranoia,
emotional instability, deficits

in hearing and speech,
alveolar hypoventilation,

sleep apnea

Aerosol or
subcutaneous [13,14,73–77]

Mouse

BALB/c

Unspecified signs
of encephalitis a

Intranasal
(CO92 strain) [78]

Succumb prior to
neurologic signs a

Aerosol and
intranasal [53,79]

NIH Swiss

Unspecified signs
of encephalitis a

Intranasal
(CO92 strain)

[78]
Succumb prior to
neurologic signs a

Intranasal
(McMillan and
TBT235 strains)

CD-1 Unspecified signs
of encephalitis a

Intranasal
(CO92 strain) [78]

C57BL/6 Unspecified signs
of encephalitis a

Intranasal
(CO92 strain) [78]

Hamster
Golden
Syrian

Succumb prior to
neurologic signs a Intraperitoneal [70,80]

Ataxia and neurologic “fits”

Respiratory,
intracranial,

intraperitoneal,
and intradermal

[81]
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Table 3. Cont.

Species Neurologic Signs Route of
Infection References

Guinea pig unspecified Succumb prior to
neurologic signs a

Intracranial or
intraperitoneal [82]

Non-
human
Primate

Cynomolgus
Macaques

Reduced activity, tremors,
convulsions, reduced

response to stimuli, coma
Aerosol [83]

No clinical or
neurologic signs Subcutaneous [42]

Murine WEE lethality appears to be age and strain specific [78,84,85]. WEEV tends
to be lethal in mice up to five weeks old, following either subcutaneous or intraperitoneal
infection, with lethality becoming strain specific in mice older than five weeks [78,86].
BALB/c, NIH Swiss, CD-1, and C57BL/6 mice all succumb to intranasal infection with
the CO92 strain and develop signs of encephalitis [78]. NIH Swiss mice also feature 100%
lethality following intranasal infection with the McMillan and TBT235 strains [78]. Aerosol
and intranasal exposure of BALB/c mice also results in 100% lethality [53,79]. Golden
Syrian hamsters infected through various routes demonstrate strain-specific lethality as well
as histopathological encephalitis [70,80,81]. One study suggested neurologic signs during
acute disease, described as “fits” during which hamsters would succumb to infection [81].
WEEV is lethal in a strain-specific fashion in guinea pigs, with virulence corresponding to
lethality [82].

Cynomolgus macaques infected with WEEV via the subcutaneous route do not develop
measurable viremia or readily detected clinical signs of disease [42]. Aerosol exposure
may result in lethal disease in a strain-dependent manner [83,87]. Additionally, these
primates may develop clinical signs that include fever and signs of encephalitis, such as
reduced activity, tremors, convulsions, reduced response to stimuli, and coma [83]. Rhesus
macaques serve as models for the teratogenic effects of WEEV, with infection during
gestation resulting in spontaneous abortion and high rates of microcephaly, hydrocephaly,
and encephalitis in fetuses [88–90].

3. Conclusions

In summary, alphavirus infections may cause debilitating disease with sequelae, whose
mechanisms are yet to be fully elucidated. New World alphaviruses, including EEEV, VEEV,
and WEEV, induce myriad neurologic sequelae, including seizures, coma, behavioral changes,
cognitive impairments, and convulsions, among others [14,19,26,28,44,45,50,73–75]. Despite
the relatively low numbers of reported cases [21,22,44,48,67,68], the rates of these neurologic
sequelae are high with a lasting impact due to the lack of treatments to mitigate neurologic
disease as well as recovery from sequelae [14,19,24,27,49].

Despite the importance of these alphaviral sequelae, animal modeling has yet to
fully elucidate their mechanisms; no model reliably reproduces all neurologic aspects of
human alphaviral encephalitis. Small animal models including mice and hamsters are
often inconsistent in their reproduction of neurologic signs and sequelae based on age,
route of infection, and virus strain [32–34,36,39,51–56,78,79,81,84,85]. While investigators
typically view any neurologic signs and sequelae developed by rodents as making them
cost-effective and accessible, nonhuman primates remain the gold standard for preclinical
evaluation of therapeutics and likely will be critical to mechanistic understanding of
neurologic disease and sequelae. Unfortunately, non-human primate models are also
inconsistent in the development of neurologic signs and sequelae in a virus strain- and
infection route-specific manner [35,38,40–42,52,59–61,83,87]. Additionally, they are also
adept as masking neurologic signs and sequelae when researchers are present, limiting
the usefulness of clinical observations. However, out of all available animal models, the
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neurologic signs and sequelae demonstrated by the non-human primate models are likely
to be the most clinically accurate. The application of remote technologies to avoid the
artifactual effects of direct observation of non-human primates is ideal.

Arguably the greatest recent contribution to understanding the various sequelae of
neurologic alphaviral disease is the addition of advanced telemetry to non-human pri-
mate models [23,38,41,43,59]. Such detailed and nearly continuous measurements provide
valuable insights into the development of neurologic disease and sequelae. Without such
telemetry, measurements are limited to daily observations, weights, and body temperatures.
Application of telemetric methods to the other encephalitic diseases would provide crucial
insight to the extent of neurologic disease. However, the use of telemetry and non-human
primates is cost-prohibitive for the vast majority of experiments. The further development
of small animal models using extensive behavioral testing, perhaps used in conjunction
with neuroimaging, may be more accessible and significantly increase understanding of
neurologic sequelae. Use of these models will significantly aid in the development of de-
tailed mechanistic studies as well as preclinical testing of vaccines and therapeutics. Finally,
the virus strain specificity observed in the past with encephalitis alphavirus model infec-
tions can be overcome with the use of epidemiologically relevant alphavirus strains derived
from cDNA clones to eliminate the effect of cell culture passages on virulence [91,92].
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