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INTRODUCTION AND HISTORICAL BACKGROUND

As recently as a decade ago, writing a review such as this
would have been a relatively straightforward task. The
geographic distributions of the North American arboviruses
considered here already were well established, the main
vectors and vertebrate hosts had been determined with
relative certainty, and nearly as much was known then as
now about the diseases they cause. However, rapid ad-
vances in molecular virology are revealing the molecular
correlates of virus functions and are affecting our views of
arbovirus-vector-host interactions and their epidemiological
consequences. Particularly, this newer knowledge is being
applied in viral taxonomy to determine the bases for varia-
tion in virus strains, i.e., determining gene sequences and
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the products those sequences specify. At a dizzying pace,
sophisticated techniques are being developed for rapid diag-
nosis of arboviral diseases and for rapid and highly specific
detection of both viruses and antibody. I anticipate that both
prevention and treatment of arboviral diseases will progress
in parallel with these advances and that continuing efforts to
understand virus and vector evolution will provide useful
insight -into the possible emergence and reemergence of
viruses. I attempt to bring these new aspects into perspec-
tive in the sections that follow. Fortunately, a number of
excellent and comprehensive review articles already pub-
lished provide additional perspectives and greater detail in
specific areas than can be presented here (6, 16, 20, 25, 52,
80, 102, 105, 112, 136, 161, 163, 165, 166, 176, 186, 191,
200-202, 234, 236, 241).

Arboviruses (arthropod-borne viruses) are maintained in
nature in cycles involving hematophagous arthropod vectors
and susceptible vertebrate hosts. Simply stated, an infected
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vector transmits virus to the vertebrate host during feeding.
The host becomes infected and develops viremia of sufficient
level and duration to infect other vectors, and so on.
Mosquitoes are the main vectors for most known arbovi-
ruses, possibly due to intentional bias in collecting and
processing. However, some arboviruses are transmitted
exclusively by other biting flies or ticks. Of the mosquito
vectors, the female is the blood feeder, requiring certain
protein substances in blood to produce eggs. This fact
explains why arboviruses usually are isolated only from
female mosquitoes in field studies. The rare isolation of virus
from larval mosquitoes is taken as evidence of transovarial
infection; isolations from male mosquitoes give evidence
that the virus was acquired either transovarially or venere-
ally from an infected female. Infection of the vector has been
considered to be lifelong, with no observable pathologic
changes or untoward effects. However, some exceptions
may exist. Weaver et al., for example, have reported cyto-
pathologic changes in the midgut of Culiseta melanura
mosquitoes after oral infection with eastern equine enceph-
alitis (EEE) virus (250).

Certain arboviruses, particularly those of the California
(CAL) serogroup, are notable among those arboviruses that
may be transmitted transovarially and venereally by their
arthropod vectors, as well as by the usual vector-host-vector
cycle. Also, arboviruses occasionally can be transmitted
mechanically by arthropods. In nature, two types of verte-
brate hosts are of particular note: those that serve as main
sources of infections for vectors, and those that do not but in
which overt disease can occur. The latter are important to us
in relation to human disease and domestic animal loss;
epidemiologically, the former are more significant because,
together with the vector, they serve as arbovirus reservoirs,
disseminators, and amplifiers. Many factors help to deter-
mine the effectiveness of an animal species for this role, but
among those of greatest importance are the presence of a
high-titer viremia of duration adequate to infect a critical
number of the vector species, attractiveness to the arthropod
vector, and a continuing availability of additional nonim-
mune individuals. With few exceptions, humans are dead-
end or tangential hosts and do not play a significant role in
the maintenance and dissemination of the arboviruses indig-
enous to North America. Their infection usually is incidental
and does not affect the main cycle. The vertebrate host
spectrum varies for each virus; generally, particular species
of smaller vertebrates with high population replacement
rates, such as birds or rodents, serve as hosts, but in some
instances larger mammals can be involved. Reptiles, am-
phibians, and bats have been suspected of serving as over-
wintering hosts for a few of these viruses, but there still is
doubt of their significance in'this role.

The first arbovirus isolated in the United States was
vesicular stomatitis Indiana virus in 1925; since then, more
than 58 other arboviruses have been isolated in the United
States and 5 more arboviruses have been isolated in Canada.
However, only six of these are known to cause significant
human illness (129), namely, western equine encephalitis
(WEE), EEE, St. Louis encephalitis (SLE), Powassan
(POW), LaCrosse (LAC), and Colorado tick fever (CTF)
viruses.

The first comprehensive studies in the United States of an
arbovirus causing human illness were begun more than 60
years ago in California by Karl Meyer of the Hooper
Foundation. In the summer of 1930, he and coworkers
investigated an extensive epizootic of equine encephalitis in
the San Joaquin Valley and isolated a virus from the brain of
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a sick horse (160). He wondered at that time whether the
same disease might account for a polioencephalomyelitis
concurrently being noted in some people of the region. The
next summer, the disease reappeared in epizootic form in the
San Joaquin Valley and spread to other areas of California.
It recurred in the summer of 1932 throughout much of
California and in most western states (189, 239). In each of
those years the outbreaks ceased with the onset of cool
weather. This finding and that of high-level viremias in
acutely infected horses led to the suspicion that the virus
was arthropod-borne. Occurrence of a similar illness in
humans who were in contact with sick horses tended to
substantiate Meyer’s earlier hunch and gave impetus to
further studies of the etiologic agent, the WEE virus Meyer
had isolated in 1930. The virus subsequently was shown in
the laboratory to replicate in and be transmitted by Aedes
aegypti mosquitoes, and serologic surveys indicated wide-
spread infection of birds and a variety of other animals in the
wild. The detailed clinical studies, epidemiologic investiga-
tions, and data analyses are classics in the history of both
arbovirology and virology in general and did much to estab-
lish arbovirology as a significant field of research. In 1938,
WEE virus was isolated from the brain of a child who died
from encephalitis (120), and in 1941 the virus was isolated
from naturally infected Culex tarsalis mosquitoes (109, 188),
first in the Yakima Valley of Washington and later in the San
Joaquin Valley of California, where it had all begun.

It is logical to assume that both WEE and EEE, and
indeed the other North American arboviruses as well, ex-
isted in natural cycles long before they were recognized.
Although old reports suggest that outbreaks of a horse
disease compatible with EEE occurred in the eastern coastal
United States as early as 1831 (176), epizootics and eporni-
tics were attributed definitively to EEE virus only since
1933, at which time EEE virus was first isolated from equine
brains (224). Isolation of the virus from human brain tissue
followed in 1938 (95, 253). The epidemiology of EEE virus
soon was seen to differ from that of WEE virus, both in
geographic distribution and in ecologic and epidemiologic
characteristics. The disease was found to occur in horses
annually along the eastern seaboard, with infrequent infec-
tions noted as far inland as the upper Midwest and as far
north as southeastern Canada in association with freshwater
swamps.

The third arbovirus shown to be a human pathogen in the
United States was SLE virus. SLE first was recognized as a
human encephalitic disease during an outbreak in Paris, Ill.,
in 1932 (166). The causative virus was isolated the following
year from human brain tissue in a similar but larger epidemic
in St. Louis, Mo. (178, 252). Since its discovery, SLE virus
has been responsible for more than 1,000 deaths, at least
10,000 severe illnesses, and no fewer than a million mild or
subclinical infections (58, 164). In September of 1933, the
Surgeon General, H. S. Cumming, detailed L. L. Lumsden,
a Public Health Service field officer, to make an epidemio-
logic study of the ongoing St. Louis outbreak. Lumsden
reported that the epidemiologic characteristics of the disease
indicated mosquito transmission, and he provided evidence
that Culex pipiens breeding in local sewage ditches was the
species involved. However, other investigators thought that
the data were insufficient to prove such a hypothesis and
favored the idea of person-to-person transmission instead.
Lumsden’s report was shelved at the time, but his conclu-
sions were corroborated by later studies.

In 1941, in the same Yakima Valley studies in which WEE
virus was first isolated from Cx. tarsalis, Hammon et al.
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(109, 188) isolated SLE virus from the same mosquito
species. Pathologic and clinical characteristics of SLE dis-
ease in concomitant human cases and the incubation period
were defined. Laboratory animal host systems were devel-
oped, studies of disease epidemiology were begun, and the
geographic distribution was demarcated. Their work indi-
cated that Cx. tarsalis was to SLE virus in the western
environment what Cx. pipiens was to this virus in the East.
SLE virus subsequently was shown to be a member of the
group B arboviruses (i.e., genus Flavivirus, family Flavivir-
idae). To avoid confusion at this point, it seems appropriate
to clarify the taxonomy of these arboviruses.

Studies mainly by Havens et al. in the early 1940s (113),
later extended by workers at the Rockefeller Foundation
Virus Laboratory (225), demonstrated that the viruses then
recognized as arthropod-borne could be separated by sero-
logic tests into at least two groups. Using hemagglutination
inhibition and neutralization assays, Casals and coworkers
showed that WEE and EEE viruses are related but distinct
and suggested that they, as well as Venezuelan equine
encephalitis (VEE) and Sindbis viruses, form a group they
called group A. A second interrelated group of viruses,
including dengue-1, dengue-2, Ilheus, Japanese encephalitis,
Ntaya, SLE, Uganda S, West Nile, and yellow fever, were
categorized as group B (55). These seminal antigenic studies
were the foundation of the group concept and the first steps
taken toward a logical, Linnaean-like taxonomy of viruses in
general. Subsequent electron microscopic, physicochemical,
and genetic studies led to placement of the group A and
group B arboviruses together in a virus family, Togaviridae.
Later, more advanced studies revealed that differences in
virion structure, gene sequences, and replication strategy of
these viruses justified placement of the former group A
arboviruses into a new genus, Alphavirus, of the family
Togaviridae and the establishment of a new family, Flavivir-
idae, and genus, Flavivirus, to embrace the former group B
arboviruses (254, 255).

In 1943, Hammon, Reeves, and coworkers (108, 110)
isolated a new virus from Aedes melanimon (formerly Aedes
dorsalis) mosquitoes in Kern County, Calif., and gave it the
name California encephalitis virus. This virus was associated
with three cases of encephalitis in humans living in the San
Joaquin Valley (108). At the time, the new virus was
considered to be one of a kind, as it was unrelated to either
group A or group B arboviruses. Eventually, it was shown to
be related to a virus isolated later by Eklund and coworkers
from Aedes trivittatus mosquitoes collected near Bismarck,
N.D. (trivittatus virus), providing a basis for a CAL sero-
group (family Bunyaviridae, genus Bunyavirus). Because,
by taxonomic convention, the first discovered virus of a
serogroup becomes the prototype member of that group,
California encephalitis virus is the prototype of the CAL
serogroup. Slovakian arbovirologists isolated the CAL sero-
group virus Tahyfia from mosquitoes and from febrile hu-
mans (14), but it was the isolation of LAC virus by Thomp-
son and his associates in 1964 that established CAL
serogroup viruses as important human pathogens. The orig-
inal isolate of LAC virus was from the brain of a 4-year-old
Minnesota girl who was hospitalized and died in LaCrosse,
Wis., 4 years earlier (229). LAC virus is now recognized as
a human pathogen of considerable importance and has been
isolated many times from a variety of mosquito species, but
principally Aedes triseriatus, in the upper midwestern and
eastern United States.

Two other arboviruses indigenous to North America have
been found to cause serious human illness. One is POW
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virus, and the other is CTF virus; both are transmitted by
ticks but each has quite distinct characteristics. POW virus
is a flavivirus, more closely related to the tick-borne flavivi-
ruses of Europe (Central European encephalitis and louping
ill) and Asia (Russian spring-summer encephalitis) than to
the mosquito-borne flaviviruses, such as SLE (53). Although
POW virus was first isolated from a pool of Dermacentor
andersoni ticks collected in 1952 in Colorado (227), it was
not named and identified until it had been isolated from the
brain of a 5-year-old boy who died with encephalitis in
Ontario, Canada, in 1958 (155). CTF virus, although also
isolated from D. andersoni ticks, is totally unrelated to POW
virus. It is, instead, a member of the family Reoviridae, to be
discussed later.

In the mid-19th century, settlers and visitors to the Rocky
Mountain region of North America mentioned ‘‘mountain
fever’’ as a cause of morbidity and occasional mortality.
Mountain fever likely was any of a number of illnesses,
including typhoid fever, Rocky Mountain spotted fever,
CTF, and other febrile illnesses (25). The subsequent asso-
ciation of fever, chills, headache, myalgia, and arthralgia
with onset in spring and summer in the Rocky Mountain
region suggested a connection between the illness and trans-
mission by ticks (21). Florio and coworkers isolated CTF
virus from humans and from D. andersoni ticks and demon-
strated that this virus is the etiologic agent of the disease
(91-94). When the maintenance cycles of CTF virus in
natural foci in Colorado (82) and Montana (31) were better
understood, it was apparent that the virus and, likely, the
disease were more widespread than first recognized. Table 1
lists, by taxon, serogroup, principal vector, geographic area,
disease syndrome, and recommended biosafety level, the
indigenous arboviruses of Canada and the United States
causing human disease.

GEOGRAPHIC DISTRIBUTION

WEE Virus

WEE virus has been found only in the Western Hemi-
sphere. Although serologic surveys suggested that WEE
virus is distributed throughout the Americas, and perhaps
elsewhere, precise identifications have shown that many of
these serologic reactions were due to antibody to closely
related viruses (40). Neutralization tests and molecular stud-
ies have shown that the WEE complex is composed of at
least four closely related viruses in North America: WEE,
Highlands J, Fort Morgan, and Buggy Creek. When men-
tioned here, WEE signifies WEE virus in the strict sense and
no other unless specifically mentioned by name. Highlands
J, Fort Morgan, and Buggy Creek viruses are not known to
cause human disease, although Highlands J virus was once
isolated from the brain of an encephalitic horse in Florida
(130).

WEE virus has been isolated from Argentina (45, 191) to
western Canada (243), with antibody studies suggesting that
the virus also occurs in northern Canada (32). Some Argen-
tine virus isolates were shown to differ substantially from the
prototype strain of WEE virus by neutralization tests and to
be distinct by RNA oligonucleotide mapping. The vector
relationships of these strains indicate that they are enzootic
viruses, not associated with equine disease. The true WEE
virus in South America has been experimentally transmitted
by Aedes albifasciatus mosquitoes, thus implicating mem-
bers of this species as vectors (11).

Periodic epizootics since 1908 in Argentina and isolation
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TABLE 1. Arboviruses indigenous to Canada or the United States causing human disease, listed by taxon, serogroup, principal vector,
geographic area of disease or virus isolation, disease syndrome, and recommended biosafety level

X . . Recommended
Serogroup and virus Vectors Geographic area Disease syndrome biosafety level®
Group A (family Togaviridae, genus Alphavirus)
EEE Mosquitoes East Canada, east U.S. Encephalitis 2V
Everglades Mosquitoes Florida Fever, encephalitis 3v®
WEE Mosquitoes West Canada, west U.S. Encephalitis, fever 2V
Group B (family Flaviviridae, genus Flavivirus)
POW Ticks Canada, north U.S. Encephalitis 3
SLE Mosquitoes Canada and U.S. Encephalitis, fever 3
CAL (family Bunyaviridae, genus Bunyavirus)
California encephalitis Mosquitoes West U.S., west Canada Fever, encephalitis 2
Jamestown Canyon Mosquitoes U.S., Canada Fever, encephalitis 2
LAC Mosquitoes Midwest, east, south U.S. Fever, encephalitis 2
Snowshoe hare Mosquitoes Canada, north U.S. Fever, encephalitis 2
CTF (family Reoviridae, genus Coltivirus)
CTF Ticks West U.S., west Canada Fever, myalgia 2

2V, It is suggested that work with this virus be done by individuals vaccinated against and with demonstrated antibody to the virus. Without such vaccination,

the next higher containment level is recommended.

® Work with this virus should be done at containment level 3, using HEPA filtration of all exhaust air prior to discharge to the outside.

of virulent WEE virus strains indicate that, throughout its
range, WEE virus can be an equine pathogen, but human
disease in South America occurs less frequently and with
less severity than in North America. Isolations of WEE virus
from mosquitoes, wild birds and mammals, horses, and
humans in California, Washington, North Dakota, South
Dakota, Minnesota, Wyoming, Colorado, Nebraska, Mon-
tana, New Mexico, Utah, and Kansas in the United States
and the provinces of Manitoba, Saskatchewan, Alberta, and
British Columbia in Canada (7, 64, 191, 239) attest to the
wide distribution of this virus in western North America.
Isolates of WEE virus have been obtained from naturally
infected snakes, frogs, and tortoises in Saskatchewan (Can-
ada), Utah, and south Texas (33, 100, 219), and experimen-
tally infected garter snakes developed viremias that per-
sisted through hibernation and were of sufficient titer to
infect mosquitoes that fed on them (226). Further efforts to
extend these findings in field and laboratory studies have
given mixed results, and studies to determine whether WEE
virus actually overwinters in various poikilotherms have not
provided convincing evidence (189).

EEE Virus

EEE virus has been isolated from humans, equines, wild
birds, a variety of small mammals, and mosquitoes in
Quebec and Ontario, Canada, and from Florida to New
England in essentially all of the United States east of the
Mississippi River (154, 176); it also has been isolated in
Minnesota, South Dakota, Texas, and Mexico. The first
recorded outbreak of EEE in Ohio horses occurred in 1991,
suggesting the possibility that human disease could also
occur there (180). Periodic outbreaks of EEE have been
recorded in many of the Caribbean islands, including Cuba
(215) and Hispaniola (41). EEE virus infections in equines
have been recognized in Cuba for more than 50 years (175);
however, associated human illnesses are rare. The virus has
been isolated in Cuba from equids, birds, rodents, and
mosquitoes during epizootic and interepizootic periods but
never from human cases. EEE virus isolates also have been
obtained from various sources throughout much of South

America, including Venezuela (240), Brazil (78), Peru, and
Argentina, but, as mentioned below, South American vari-
eties of EEE virus are of less antigenic uniformity and
appear to be less virulent for, or less likely to infect, humans.

VEE Virus

Isolation of the causative agent of VEE virus was reported
in 1939 (142). This was the first of a series of closely related
viruses forming the VEE complex, which occur only in the
Americas. They may be distinguishable antigenically by use
of kinetic hemagglutination tests with infection-immune sera
from spiny rats (Proechimys semispinosus) or other infec-
tion-immune sera (167, 258) or with antibody prepared
against envelope glycoproteins; anti-El is group reactive,
and anti-E2 is type specific (96, 134). There are at least six
VEE complex virus subtypes, which have been numbered I
through VI; varieties IAB, IC, ID, IE, IF, IIIA, IIIB, and
ITIC also are recognized. VEE IAB and VEE IC viruses are
epidemic varieties. On the basis of both epidemiologic
evidence and experimental infections, other VEE complex
viruses generally are considered enzootic viruses. Substan-
tial and extensive studies of these viruses, far too extensive
to be covered in a review such as this, have described the
epidemiology and natural history of the VEE complex vi-
ruses. They have been well reviewed (186).

VEE II virus, also known as Everglades virus, appears to
be limited to the Everglades of south Florida, where it is
maintained in an enzootic habitat in a cycle involving wild
rodents and Culex mosquitoes of the subgenus Melanoco-
nion. Experimentally, it failed to produce overt disease in
horses (114). Only two or three human cases of Everglades
virus infection have been recognized thus far, despite high
antibody prevalence in long-term residents of south Florida,
suggesting that the low virulence for horses also applies to
humans.

The only known incursion into the United States (Texas)
of an epidemic VEE virus (subtype IAB) was in 1971, by
extension of an epidemic of huge proportions, involving
thousands of humans and equids (241), including zebras in
zoos (35), that appeared to have begun in 1969 at the
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Peru-Ecuador border. Because of the comprehensive equine
vaccination campaign of 1971 in south Texas, cross-protec-
tion by antibody against WEE and EEE viruses (48), a
combination of both, or other factors, the epidemic was
extinguished. VEE IAB virus continued to cause isolated
outbreaks and cases continued to be reported in Mexico until
1972, but only anecdotal and unsubstantiated accounts of
VEE were reported in the hemisphere until early in 1993,
when a VEE outbreak occurred in Venezuela. In recent
months, VEE IE virus, heretofore considered equid aviru-
lent, was isolated from equids during an outbreak in Chia-
pas, Mexico (4). It is unlikely that this occurrence has
immediate implications for the United States and Canada
because of the absence of VEE IE virus here and the
peculiarity of the natural cycle of this virus. Nevertheless,
the reemergence of VEE as an equid disease, after its
apparent nearly 20-year absence, must be considered in-
structive because, at present, there is no plausible explana-
tion for the periodic reappearance of these viruses, although
there have been many hypotheses.

SLE Virus

Widely distributed in the Americas, SLE virus has been
isolated from southern Canada to Argentina, but most hu-
man illness due to this virus has been seen in the central and
eastern states of the United States. Virus isolations from
humans, wild birds, and mosquitoes have correlated with
outbreaks of human disease, with increases in antibody in
wild or sentinel birds, or with both. Human infections in
North America have been documented in western and
eastern Canada, in Mexico, and in every state in the United
States except Maine, New Hampshire, Massachusetts,
Rhode Island, and South Carolina (164, 174). During the
1940s, disease caused by SLE virus was recognized in
patients in the Pacific coastal states, and the virus was
isolated from mosquitoes collected there (109).

LAC Virus

Several of the CAL serogroup of bunyaviruses occur in
North America (5, 10, 220), but LAC virus is medically the
most important (233). The upper midwestern states of the
United States continue to report most of the human LAC
virus infections and virus isolations. Whereas this may in
part reflect greater surveillance efforts, it is likely that the
ecology and natural history of this virus limit its distribution
to areas with hardwood forests, eastern chipmunks (Tamias
striatus) or other small mammals, and Ae. triseriatus mos-
quitoes (see below), all attributes of the states reporting high
incidences of LAC virus isolations. Even within states,
distribution is related to availability of breeding sites for the
arthropod vector. LAC virus isolations thus far have been
made in 13 states; laboratory-confirmed LAC virus infec-
tions with illness have been shown to occur in 24 states, with
decreasing frequency from north to south. Human infections
with LAC virus have not been diagnosed, and LAC virus has
not been isolated outside the United States (34, 128). The
closely related snowshoe hare virus causes rare symptom-
atic infections of humans in Canada; most of the fewer than
20 known cases have been diagnosed in Quebec and Ontario

©)-

POW Virus

Although POW virus was first isolated from two humans
(the original isolate in Ontario and one in New York State)
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and from Ixodes ticks in Canada and the United States (6, 7),
and thus is considered a New World virus, its subsequent
isolation from ticks and mosquitoes in the former U.S.S.R.,
including the maritime region (145), has led us to reconsider
its natural history and geographic distribution. Isolates of
POW virus have been obtained in the United States from
hard ticks, principally Ixodes marxi and Ixodes cookei in the
East and Ixodes spinipalpus (and D. andersoni) in the West,
and from various wild and domestic vertebrates collected in
Ontario, C4nada, and in Colorado, California, Connecticut,
Massachusetts, New York, South Dakota, and West Vir-
ginia (6, 181). Human cases of POW disease have been
documented in Quebec and New Brunswick, Canada, and in
Pennsylvania, and human serologic surveys have suggested
past infections (possibly subclinical) with POW or a closely
related virus in Alberta, British Columbia, and Nova Scotia,
Canada, in Maine, and perhaps in Mexico and the People’s
Republic of China and some other parts of Asia. Despite this
evidence of widespread activity, however, overt human
disease appears to be limited to or recognized only in
southern Canada and the northern tier of states of the United
States.

CTF Virus

The distribution of CTF virus roughly approximates that
of the vector tick, D. andersoni. It has been isolated from
humans, ticks, or both in Colorado, Utah, Montana, Cali-
fornia, Wyoming, Idaho, Oregon, South Dakota, Washing-
ton, New Mexico, and Nevada and also in southern Alberta
and British Columbia, Canada (25, 63). Many of these areas
include vacation meccas, frequented during the tick season
(spring and early summer) by vast numbers of tourists.
Furthermore, CTF virus has been isolated from humans
vacationing or travelling through these states. Physicians
should be aware of the possibility of CTF in febrile patients
returning from these regions.

LABORATORY VIROLOGY

DNA virus replication has an absolute requirement for
complementarity of nucleic acid strandedness. However,
when single-stranded RNA viruses replicate, errors in trans-
lation can occur without correction. The diversity of se-
quences of closely related RNA viruses attests to the fre-
quency of single base substitutions among these viruses,
attributed to poor fidelity because of the lack of proofreading
enzymes (117). This poor fidelity of replication allows mu-
tations to occur at a much higher rate in RNA than in DNA
viruses (117). Because WEE, EEE, SLE, POW, LAC, and
CTF viruses are RNA viruses, genetic variation is common,
and there are increased opportunities for selection of more fit
genotypes, as well as diversity due to chance alone. Under
such circumstances, it is not surprising to find genotypic,
and therefore phenotypic, variations. Selective pressures
brought to bear by ecologic circumstances and characteris-
tics of the natural cycles apparently limit the variants that
can persist. Nevertheless, differences in genotypes, antige-
nicity, and virulence have been recognized for these viruses.
These differences and their possible significance for humans
will be discussed separately, by virus. Mention of virus
names follows the guidelines established by the International
Committee for Taxonomy of Viruses (97, 237). The following
antigenic terms also are used (50). A serogroup is composed
of two or more viruses, distinct from each other by quanti-
tative serologic criteria (fourfold or greater differences be-
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tween homologous and heterologous titers of both sera) in
one or more tests but related to other viruses of the sero-
group by some serologic method. In current practice, the
first discovered virus of a newly recognized serogroup lends
its name to that serogroup. A complex is a subset of closely
related viruses within a serogroup. Individual agents, re-
ferred to as viruses or types, are antigenically related but
easily separable by one or more serologic tests (fourfold or
greater differences between homologous and heterologous
titers of both sera). Subtypes are virus isolates separable
from the type virus by at least a fourfold difference between
the homologous and heterologous titers of one, but not both,
of the two serum samples tested. Varieties are those isolates
that can be differentiated only by the application of special
tests or reagents, such as kinetic hemagglutination inhibi-
tion, monoclonal antibody assays, and infection-immune
sera from experimentally infected animals.

WEE Virus

There are at least 26 members of the virus family Toga-
viridae, genus Alphavirus (50). Many of the New World
alphaviruses cause encephalitis; most of the Old World
alphaviruses more typically cause fever, rash, and arthral-
gia. As with other members of the genus, virions of WEE
virus are spherical, enveloped particles, 60 to 70 nm in
diameter. They contain one segment of single-stranded,
positive-sense RNA (molecular weight, 4 x 10°) and proteins
arranged in an icosahedral configuration. The nucleocapsid
envelope is a lipid bilayer derived from the plasma mem-
brane of the host cell; the nucleocapsid (approximately 35
nm) includes the genome associated with the capsid protein.
Projecting from and embedded in the bilayer are two virus-
encoded envelope gl;rcoproteins (E1 and E2) with molecular
weights of 50 X 10° to 59 x 10°. WEE virus also has a
nonglycosylated capsid protein of 30 x 10° to 34 x 10°
molecular weight.

Extensive information about the structure and replicative
mechanisms of alphaviruses is available (200). The WEE
virus genome contains about 11,700 nucleotides. The 5’ end
is capped with 7-methylguanosine, and the 3’ end is polya-
denylated. A subgenomic mRNA species formed during
replication contains about 4,100 nucleotides identical in
sequence to the 3'-terminal third of the genomic RNA. This
mRNA is also capped and polyadenylated and serves as
mRNA for the synthesis of viral structural proteins.

Certain regions of alphavirus genomes are highly con-
served. Only sequences at the 3’ and 5’ ends are required for
the genome to be amplified and packaged, and 19 nucleotides
upstream of the mRNA and 5 nucleotides downstream are
required for production of subgenomic RNAs. The 19 up-
stream nucleotides are conserved among all alphaviruses,
but only 2 nucleotides downstream are conserved.

Glycoprotein spikes on the virion function in attachment
to cells. Entry to the cytoplasm usually is by endocytosis:
bound virus accumulates in depressions that are endocy-
tosed to form coated vesicles. These vesicles then are
uncoated and form endosomes which, by their acidity,
prompt fusion of the viral and vesicle membranes. Once
released from the endosome, alphaviral genomic RNA is
translated, transcribed, and replicated. An AUG codon 59
nucleotides from the 5’ cap site of the 49S (nonstructural)
RNA is the site for initiation of translation.

Trent and Grant (230) compared WEE complex viruses by
immunochemical and oligonucleotide fingerprinting tech-
niques; their results supported and extended previous sero-
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logic findings. Hahn and coworkers (107) sequenced the
3'-terminal 4,288 nucleotides of the RNA of WEE virus. The
sequences of the capsid protein and of the (untranslated)
3'-terminal 80 nucleotides of WEE virus were shown to be
closely related to the corresponding sequences of the New
World alphavirus EEE virus, whereas the sequences of
glycoproteins E2 and E1 of WEE virus were determined to
be more closely related to those of the Old World alphavirus,
Sindbis virus. From their determinations and the results of
elegant comparisons of molecular sequences of several other
alphavirus genomes, they concluded that alphaviruses have
descended from a common ancestor by divergent evolution.
They deduced that WEE virus is a recombinant of a prede-
cessor of Sindbis virus and a predecessor of EEE virus and
that WEE virus has the encephalitogenic properties of EEE
virus and the antigenic specificity of Sindbis virus. In addi-
tion, comparisons of numerous alphavirus genomic se-
quences and the proteins they specify have provided suffi-
cient information to propose a ‘““family tree’’ for viruses of
this genus (147). Until the relationship of the WEE complex
representative in the eastern United States, Highlands J
virus, is understood, however, the picture will not be com-
plete.

EEE Virus

EEE virus shares many of its characteristics with the
alphavirus WEE virus. Chang and Trent (59) have cloned the
26S mRNA and most of the nsP4 encoding regions of the
EEE viral genome, and Volchkov et al. (238) have cloned its
42S RNA. Excluding the poly(A) tail, the 26S mRNA region
is 4,139 nucleotides long and has the same general organiza-
tion as that of other alphaviruses, as does the 42S RNA. A
highly conserved region composed of 19 nucleotides, the
putative transcriptase recognition site for 26S mRNA syn-
thesis, is present at the 26S/42S junction region of the 425
genomic RNA. The four putative posttranslational cleavage
sites used to generate the proteins are conserved. Compar-
ison of the deduced amino acid sequences of the polypro-
teins of five alphaviruses, not including WEE virus, sug-
gested that EEE virus is more closely related to VEE viruses
than to the other three viruses.

Phylogenetic analyses of RNA nucleotide sequences of
VEE complex viruses by Weaver et al. (247) suggest that all
were descended from a common ancestor. These authors
further argue that subtype II (Everglades) and variety ID
enzootic viruses form a monophyletic group that also in-
cludes the IAB and IC (epizootic) viruses. Everglades virus
evidently diverged from this ID lineage and colonized North
America about 100 to 150 years ago, after which variety IAB
and IC epizootic viruses diverged. These results suggest that
the source of epizootic VEE viruses was the variety ID
enzootic virus lineage, which occurs in northern South
America and Panama. Even if variety IAB and IC viruses are
extinct, recent multiple emergences of epizootic viruses
from an enzootic lineage suggest that other epizootic VEE
viruses may evolve again in the future. The close genetic
relationship of Everglades virus to the variety ID lineage
also implies the potential for emergence of equine-virulent
VEE viruses in Florida.

SLE and POW Viruses

Virions of viruses of the family Flaviviridae, genus Flavi-
virus, are spherical, enveloped, and approximately 40 nm in
diameter with a 30-nm core. The genome is composed of
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positive-sense, single-stranded RNA. The virion envelope
contains one protein (E) that may be glycosylated and one
nonglycosylated protein (M). The RNA is enclosed in a
capsid composed of a single polypeptide (C). The E protein
is associated with hemagglutinating and neutralizing activi-
ties and contains at least three antigenic determinants: one is
serotype specific, one is complex specific, and one is flavi-
virus group reactive (166, 195, 200, 255). The 66 recognized
flaviviruses are divided into seven serologic complexes on
the basis of cross-reactivities in neutralization tests.

Most flaviviruses of medical importance are in one of three
complexes: Japanese encephalitis complex (including Japa-
nese encephalitis, West Nile, SLE, and Murray Valley
encephalitis viruses); tick-borne encephalitis complex (in-
cluding POW, Russian spring-summer encephalitis, Kyasa-
nur forest disease, and Omsk hemorrhagic fever viruses);
and dengue complex (dengue-1 to -4 viruses). Yellow fever
virus is antigenically distinct.

LAC Virus

Five genera make up the family Bunyaviridae: Bunyavi-
rus, Nairovirus, Phlebovirus, Hantavirus, and Tospovirus.
Among the members of this family are LAC, Oropouche,
and Akabane viruses (genus Bunyavirus), Congo-Crimean
hemorrhagic fever and Nairobi sheep disease viruses (genus
Nairovirus), Rift Valley fever and the sandfly fever viruses
(genus Phlebovirus), Hantaan virus (Korean hemorrhagic
fever) and the emerging viruses of the current western U.S.
epidemic (genus Hantavirus), and tomato spotted wilt (genus
Tospovirus). There are more than 258 recognized members
of this remarkably diverse family of viruses, at least 167 of
which are members of the genus Bunyavirus (bunyaviruses).
Members of the family Bunyaviridae have three segments
(large, L; medium, M; and small, S) of single-stranded RNA;
intact virions are spherical or oval, enveloped, and 90 to 100
nm in diameter. They have glycoprotein surface projections;
lipid makes up 20 to 30% of the virion by weight and forms
part of the lipoprotein envelope, which is cell derived.
Carbohydrate makes up 2 to 7% of the weight of the virion
and is incorporated as a component of the glycoproteins and
glycolipids (201).

Virions consist of a unit membrane envelope with spikes
surrounding a somewhat unstructured interior from which a
helical, 2.5-nm-wide nucleocapsid can be extracted. Constit-
uent synthesis takes place in the cytoplasm, and morpho-
genesis occurs without prior core formation by budding
directly into the Golgi complex and vesicles of infected cells
(179). Host RNA sequences prime viral mRNA translation,
involving a process similar to cap snatching in orthomyxo-
viruses (138). No enzymatic function has been associated
with the envelope glycoproteins.

The three negative-sense RNA species of bunyaviruses
are L RNA (2.7 x 10° to 3.1 x 10° [=7,000 bases]), M RNA
(1.8 x 10° to 2.3 x 10° [4,450 to 4,540 bases]); and S RNA
(0.28 x 10° t0 0.50 X% 10 [850 to 990 bases]); the RNA makes
up 1 to 2% of the total virion by weight. Differences exist
between terminal nucleotide sequences of gene segments of
viruses of different genera within the family.

The 3’-terminal nucleotide sequences of L, M, and S
gene segments of bunyaviruses are (3’ to 5') UCAUCACA
UGA . .., and the 5'-terminal nucleotide sequences of M
and S gene segments are (5’ to 3') AGUAGUGUGCU. . ..
Thus, the terminal 11 bases are complementary in inverted
order, so that the two ends of each segment can form a
hydrogen-bonded panhandle, at least under laboratory con-
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ditions. Sequence (genotypic) differences between individual
viruses are reflected in antigenic (phenotypic) differences
between them and allow for serologic characterizations.

Virions usually contain four structural proteins: two ex-
ternal glycoproteins (G1 and G2), a nucleocapsid protein
(N), and a large protein (L), which is presumed to be a
transcriptase. A single open reading frame in the M RNA
encodes the glycoproteins, which are cotranslationally
cleaved to G1 and G2. Estimated M,s are as follows: G1, 108
x 10% to 120 x 10%; G2, 29 x 10° to 41 x 10%; N, 19 x 10° to
25 x 10% and L, =200 x 10°. Both glycoproteins and a 15 x
10°- to 18 x 10°-molecular-weight nonstructural protein are
derived from M RNA; the N protein and a nonstructural
protein are coded in overlapping reading frames by the S
RNA. The L protein is coded by the L RNA.

Considerable efforts have been made to understand the
molecular and genetic bases and mechanisms of LAC virus
virulence (102). Biological characterizations indicate that
virulence variants exist among selected progeny virus. In the
laboratory, strains selected from LAC virus isolates have
been shown to differ in titer, pathogenicity by route of
inoculation, neuroadaptability, ability to replicate in verte-
brate versus invertebrate cell cultures at different tempera-
tures, plaque morphology, thermal stability, and infectivity
for mosquitoes. The use of monoclonal antibodies for select-
ing LAC virus variants has provided a tool for constructing
biological maps of antigenic sites on the G1 glycoprotein,
which is involved in hemagglutination, neutralization, and
fusion.

Segment reassortants have been used to determine the
biological role of each segment and have shown that the M
RNA segment is a major determinant of peripheral virulence
for mice and infectivity for mosquitoes. Distinct sites within
the M RNA code for different genetic determinants of
biological markers, including subcutaneous and intracranial
mouse virulence and oral and intrathoracic infection of
mosquitoes (19, 101).

Reassortment can occur between the three segments of
two different bunyaviruses. However, reassortment has not
been detected between bunyaviruses of different serogroups,
and available evidence suggests that bunyavirus reassort-
ment is limited to viruses belonging to the same serogroup.
Naturally occurring reassortants of LAC virus have been
detected by genotype analyses of field isolates (135). There is
inadequate information regarding the molecular mechanisms
of persistent infections of arthropod vectors with LAC virus,
other bunyaviruses, and other arboviruses. These infections
are lifelong in the vectors and may exert little or no untoward
effect on them. Lifelong infection of the vector provides
substantial opportunity for bunyaviruses to evolve by ge-
netic drift and, under suitable circumstances (i.e., mixed
infection), by segment reassortment (15).

CTF Virus

Eight genera and one proposed genus make up the family
Reoviridae. More than 138 viruses have been arranged in the
genera Aquareovirus, Coltivirus, Cypovirus, Fijivirus, Or-
thoreovirus, Orbivirus, Phytoreovirus, and Rotavirus or the
proposed genus of plant reoviruses. All members of the
family are composed of 10 to 12 segments of double-stranded
RNA, 6 to 10 proteins, and carbohydrate. Members of this
virus family replicate in cytoplasm, and genetic recombina-
tion occurs very efficiently by genome segment reassort-
ment. CTF virus is the prototype member of the genus
Coltivirus (Colorado tick fever virus), established because it
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has 12 RNA segments compared with 10 RNA segments in
members of the genus Orbivirus in which it had been placed.
Also, the surface capsomeric structure of the core particles
differs from that of the orbiviruses (97). The coltiviruses are
spherical particles 80 nm in diameter with two outer capsid
shells and a core with no projections. They are labile at pH
3 and are scarcely sensitive to lipid solvents (as opposed to
most other arboviruses, which are extremely sensitive to
lipid solvents [24]). Replication occurs in cytoplasmic viro-
plasms; during morphogenesis, regularly structured fila-
ments and tubules form.

Two recognized and nine probable serotypes of this genus
are known. The recognized serotypes are Eyach and CTF
viruses. Eyach virus has been isolated from adult female
Ixodes ricinus ticks, I. ricinus males, and Ixodes ventalloi
larvae in Germany and France (129). Comparisons of numer-
ous strains of CTF virus from ticks, humans, and other
mammals by neutralization (131), hybridization (23), and
polyacrylamide gel electrophoresis (29) indicated that, al-
though multiple genotypes and some antigenic variations
exist and, therefore, reassortment of gene segments must
occur, most of the 12 genes were highly conserved over the
33-year period represented.

EPIDEMIOLOGY

Viruses evolve by a variety of genetic mechanisms: (i)
substitution of single nucleotides by point mutation; (ii)
deletion of one or more nucleotides; (iii) duplication of
existing sequences; (iv) insertions of nucleotides; (v) substi-
tution of nucleotides, termed recombination when the ge-
nome is nonsegmented; (vi) reassortment of segmented
genomes; and (vii) rearrangement of nucleotides. When any
of such changes take place, genetic variation, a potentially
powerful tool for evolution, is generated. Such changes can
be silent, in that they have no effect on virus replication and
survival; they can be lethal, in that they eliminate a function
critical to the ability of the virus to replicate; or they can
change the ability of the virus to replicate or confer on it a
new ability, such as to extend its host range or to cross
phyla, replicate at higher or lower temperatures, escape the
effects of the immune system of the host, or otherwise
become more competitive than before.

The evolution of arboviruses can, at least in part, be
attributed to their vectors, to their vertebrate hosts, and to
the viruses themselves. In addition to the possibility of
reassortment and recombination in arthropods, genetic rear-
rangements can occur in vertebrate hosts. Evolution is the
combined result of mutation and natural selection. Most
mutations that occur in an already balanced system usually
are deleterious, but silent or neutral mutations, or adaptive
mutations, certainly have an effect on viral genetic variation.
Whereas the rates of mutations are relatively consistent and
may have little to do with opportunities for virus evolution,
most selection is variable and may have much to do with
virus evolution. Selection involves the host and its ecology,
as well as the virus. A perfect virus-host system would be in
complete equilibrium and would be expected to result in
production of selectively neutral and homogeneous virus
progeny. Whereas reassortment may account for sudden and
marked genetic changes in reassortant viruses, nothing new
has been created; however, the trafficking of viruses leads to
trafficking of viral genes (177).

For adaptive virus evolution to increase, and particularly
for us to better notice that it has increased, changes must
first occur in the virus-host ecosystem, and then conditions
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under which genotypic selection could occur can be opti-
mized. Changes in the virus environment represent expand-
ing opportunities for viruses to adapt successfully. Cer-
tainly, viruses change due to chance factors such as genetic
drift. However, such chance changes often may also provide
expanding opportunities to generate new viral gene combi-
nations that will increase the role of genotype selection. It is
likely that in the future virus evolution will continue as
before, but the opportunities for successful adaptation of
evolved viruses, an adaptation dependent on the interaction
between genetic drift and natural selection, will increase
because of the increasing opportunities we have made avail-
able by our poor management practices. In addition, proce-
dures that reduce virus populations may create population
bottlenecks that actually increase viral genetic drift and
chance gene fluctuations, thereby creating more genetic
diversity, on which selection can act to increase viral adap-
tation. As they should be, evolution and emergence of
viruses and viral diseases currently are topics of research
(20), policy (144), and conversation.

WEE Virus

WEE virus uses birds as principal vertebrate hosts in its
natural maintenance cycle, and birds likely spread progeni-
tor WEE viruses north and south and from continent to
continent. This probably accounts for the widespread geo-
graphic distribution of the virus and its antigenic and genetic
subtypes and variants. When 14 WEE complex viruses were
cross-tested by neutralization, it was shown that North
American strains McMillan and R-43738, Argentine strain
AG80-646, Brazilian strain BeAr 102091, and Siberian strain
Y62-33 are antigenic subtypes or varieties of the North
American WEE virus Fleming strain. Results of compari-
sons of these and other WEE complex viruses from other
parts of the world indicate parallels between geographic
distribution and antigenic relatedness. Viruses of the WEE
complex with lesser antigenic differences may develop in
discrete ecologic conditions (40).

By 1945, it was thought that during the summer WEE
virus is amplified in a silent transmission cycle involving
mosquitoes, domestic chickens, and possibly wild birds,
from which it can be transmitted tangentially to, and cause
disease in, humans and equines. Field and laboratory studies
in California have more clearly defined the specific inverte-
brate and vertebrate hosts involved in the basic virus trans-
mission cycle. The basic transmission cycle involves Cx.
tarsalis as the primary vector mosquito species and house
finches (Carpodacus mexicanus) and house sparrows
(Passer domesticus) as the primary amplifying hosts. Sec-
ondary amplifying hosts, on which Cx. tarsalis frequently
feeds, include other passerine species, chickens, and possi-
bly pheasants in areas where they are abundant. Another
transmission cycle that most likely is initiated from the Cx.
tarsalis-wild bird cycle involves Ae. melanimon and the
blacktail jackrabbit (Lepus californicus). Humans, equids,
squirrels, and a few other wild mammal species become
infected tangentially with the virus but do not contribute
significantly to WEE virus amplification (111).

The 1930 epizootic of WEE in the San Joaquin Valley in
California involved about 6,000 horses, with a case fatality
rate of about 50% (160). Subsequent severe outbreaks oc-
curred there from 1931 to 1934 and, by 1935, had extended to
western Canada (191); a 1933 epizootic in Utah involved
3,958 horses (239). Major epizootics occurred in the United
States in 1937, 1938, 1941, 1944, and 1947. During the 1937 to
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1938 epizootic, more than 300,000 horses and mules were
affected in the United States, and in Saskatchewan, Canada,
52,500 horses were stricken and 15,000 of these died. In
1941, 2,242 human WEE cases were reported in the United
States, mostly in North Dakota, South Dakota, Nebraska,
and Minnesota, and 1,094 human cases were recorded in
western Canada, mostly in Manitoba and Saskatchewan.
Human attack rates in the 1941 outbreaks ranged from 22.9
to 171.5/100,000 population, and case fatality rates ranged
from 8 to 15%. During the 1952 epidemic (191), attack rates
were 50/100,000 humans and 1,120/100,000 equids. Risk
factors for human WEE include rural residence (attack rates
of 340/100,000 and 61/100,000 in rural and urban areas of
residence, respectively, in the 1952 epidemic in Kern
County, Calif.); age (highest incidence and most severe
disease in members of the youngest age groups, particularly
in infants <1 year old [20% of cases occur in this age group
and 50% occur in children <10 years old]); length of resi-
dence (the longer in residence in an area endemic for WEE
virus, the greater the probability of acquiring antibody and
the less likely one will develop clinical WEE); and sex
(higher proportion of males, possibly due to greater outdoor
exposure to infected mosquitoes or possibly due to more
effective immune responses by females). Other possible risk
factors are occupational exposures, outdoor activities, and
proximity to vector breeding sites. Most infections with
WEE virus are asymptomatic; the inapparent/apparent in-
fection ratio is age dependent and ranges from about 1:1 in
infants <1 year old to 58:1 in children 1 to 4 years old and
1,150:1 in persons >14 years old.

An annual average of 34 (range, 0 to 172) confirmed human
cases of WEE occurred from 1955 to 1984 in the United
States. States reporting a cumulative total of more than 50
cases in the past 35 years have included California, Colo-
rado, Kansas, Minnesota, North Dakota, Texas, and Utah
and Manitoba and Saskatchewan in Canada (7). The most
extensive and well-documented WEE epidemic occurred in
California in 1952, when 375 confirmed cases and nine deaths
were reported (191). In the period 1964 to 1992, a total of 635
human cases of WEE (annual average of 22, a clear decline
from the 1955 to 1984 average) were reported to the U.S.
Centers for Disease Control and Prevention (CDC), but only
2 cases have been reported since the beginning of 1988, 1
each in Colorado and Kansas (174). The distribution of cases
is dependent on the seasonal distribution of the mosquito
vector populations, so that most human infections are ac-
quired during June through August, although there is a direct
relationship between latitude and onset of epidemics, i.e.,
the more northerly the site, the later epidemics begin.
Human cases of WEE are preceded by equine cases, which
provide an early warning system to supplement ongoing
virus surveillance programs. Notwithstanding other factors,
for epizootic WEE virus transmission to occur, a large
vector population is a necessity, although it is not an
adequate predictor of outbreaks of human and equid disease.

EEE Virus

As noted above, a single virus makes up the EEE complex
of alphaviruses, and only a single subtype, but two varieties
of this subtype, is internationally recognized (50). More
recently, a second antigenic (39) and genetic (248) subtype of
EEE virus was isolated from the cerebrospinal fluid (CSF) of
a 6-year-old male with fatal aseptic meningitis. Several
standard serologic tests that use polyclonal antibody and
indirect immunofluorescence and hemagglutination inhibi-
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tion tests that use monoclonal antibody were used to deter-
mine that this isolate indeed is an antigenic subtype of
prototype North American EEE virus. Subsequent genetic
studies revealed that two amino acid substitutions in the E2
envelope glycoprotein probably contribute to the antigenic
difference between this isolate and other EEE virus isolates
with which it was compared.

Casals comprehensively analyzed EEE virus isolates from
throughout the Americas, using kinetic hemagglutination
tests (54), and concluded that North American and Carib-
bean isolates are more antigenically homogeneous than are
South or Central American isolates but that EEE virus
populations in the two areas are distinguishable. EEE virus
isolates from birds migrating into the United States at the
delta of the Mississippi River in Louisiana showed that the
rare EEE virus isolates from northbound birds migrating into
the United States were South or Central American varieties
(43). It was speculated that viruses incoming to the United
States in the early spring do not become established because
they arrive when mosquito populations are low.

The taxonomic separation of North and South American
varieties of EEE virus has been supported by genetic rela-
tionships determined from nucleotide sequences, which in-
dicate that EEE virus in North America persists and evolves
as a single lineage (248). Analysis of the recently isolated
subtype provided a basis for the antigenic variation but did
not provide evidence for the presence of a second lineage in
North America.

North and South or Central American varieties of EEE
virus exist in relatively discrete ecosystems. In Argentina,
an equine epizootic of EEE occurred in irrigated areas of
four counties in the province of Santiago del Estero (199).
The overall incidence of equine encephalitis was estimated
to be 17%, the case fatality rate was 61%, and the inappar-
ent/apparent infection ratio was <2.9:1; no human infections
were detected. This is fairly typical of the situation with
regard to EEE virus in Latin America: isolated equid cases,
epizootics at irregular intervals, and few or no human
illnesses. Culex species mosquitoes have been implicated as
epizootic vectors of South American strains of EEE virus.

An exceptional review of the epidemiology of EEE virus
has been published by Scott and Weaver (208). Our under-
standing of the epidemiology of this virus begins with the
observation that EEE virus activity is ecologically focal
(153) but that outbreaks are related epidemiologically (sea-
son, weather, level of vertebrate host population immunity,
and mosquito populations). Annual or frequent recurrence of
EEE virus in enzootic habitats is the rule, and extension to
other areas is the exception. No evidence for a plausible
overwintering mechanism has been put forth. Moreover,
Watts and coworkers accumulated ecological evidence that
mitigates against vertical transmission of EEE virus in
mosquitoes at their study site (244). In well-studied areas of
New York, New Jersey, and Massachusetts, it has been
shown that Cs. melanura mosquitoes are the enzootic vec-
tors, transmitting EEE virus between passerine birds, rarely
from birds to equids or humans. Equids and humans may be
‘““‘dead-end”’ hosts, but the level of viremia in some horses
exceeds the minimal titer considered necessary to infect
mosquitoes subsequently feeding on them. Epizootics begin
in swampy habitats and move outward when viremic birds
move; locally migrating viremic birds may move virus to
adjacent areas, and distantly migrating viremic birds may
disperse virus to areas farther away.

A pivotal phase of the natural cycle of EEE virus is the
transfer of virus from enzootic to epizootic vectors and,
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from that point, epidemic extension. Considerable field
evidence indicates that Cs. melanura mosquitoes, which are
found in all enzootic foci in North America and which feed
principally on birds, do not serve as epidemic vectors. This
role is played by mosquitoes such as Cogquillettidia pertur-
bans, Aedes vexans, Aedes canadensis, and Aedes sollici-
tans, which more commonly feed on mammals than do Cs.
melanura mosquitoes. Recent studies in New Jersey have
thrown considerable light on the dynamics of transfer of
EEE virus from coastal habitats, such as freshwater swamps
and adjacent salt marshes, to more inland areas (68). Using
banding, radiotelemetry, and color marking, Crans and his
coworkers have accumulated evidence indicating that glossy
ibis (Plegadis falcinellus), which feed in small flocks in fresh-
or saltwater marshes, often are found in proximity to mos-
quitoes carrying EEE virus. These birds roost in trees in
freshwater swamps where Cs. melanura mosquitoes are
abundant and spend the days feeding in salt marsh areas
where the potential epidemic vector Ae. sollicitans (69) is
abundant. The veterinary literature suggests that EEE has
existed in New Jersey for at least 90 years but was not
recognized in humans until about 1959, when the glossy ibis
was introduced there and when New Jersey experienced its
first epidemic. It may be that EEE virus existed in enzootic
cycles before the introduction of the glossy ibis but that
changes in the ecology and the fauna in New Jersey have
brought about the current situation.

Other introduced species also may be having an impact on
the natural cycles and prevalence of EEE virus. Aedes
albopictus mosquitoes, originally introduced in 1985 as eggs
in used automobile tires from Asia (72), have infested
Florida and many other states (172) and may be replacing
indigenous mosquito species. In Florida (214), Ae. albopic-
tus mosquitoes appear to have become involved in the
transmission cycle of EEE virus (162) but likely do not
transmit that virus transovarially (204). The isolates of EEE
virus recently obtained from Ae. albopictus mosquitoes
collected in Florida are the first of an arbovirus of proven
public health and veterinary importance from naturally in-
fected Ae. albopictus in the United States. The widespread
distribution of these mosquitoes in Florida and in other areas
of the United States where EEE virus is enzootic raises
concern that this species may become an epizootic and
epidemic vector of EEE virus. The threat indeed is clear.
The Florida Department of Health and Rehabilitative Ser-
vices has confirmed five human cases of EEE in elderly
residents of northern Florida where Ae. albopictus is known
to have become established (57). Although occasional hu-
man cases of EEE occurred in this part of Florida before the
introduction of this mosquito, there is the distinct possibility
that Ae. albopictus may become a more effective vector
than its predecessors.

Dates of onset of these human illnesses were in mid-June
and early July. One patient partially recovered with residual
neurologic deficits, two patients were comatose at the time
of this report, and two other patients died (57). Efforts thus
far to control Ae. albopictus have been minimal and unsuc-
cessful. In addition, the exotic mosquito Aedes bahamensis
is now well established in south Florida, where it is widely
distributed in both urban and rural areas east of the Ever-
glades (182). The significance of this development is still
unknown.

As might be expected, there is a direct relationship be-
tween the amount of information reported about EEE virus
and the recognized prevalence of human and equine disease
due to this virus. In the United States and Canada, the
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incidence of iliness due to EEE virus in humans since 1955
has ranged from 0 to 36 cases (average, 7) per year. No
human cases have been recognized in Canada to date (7).
The inapparent/apparent infection ratio in a 1959 outbreak in
New Jersey was 23:1, with a clinical attack rate of 1/1,000
population. There may be as few as 17 systemic or asymp-
tomatic infections in children for each encephalitis case; this
ratio may be 40:1 in adults, suggesting that EEE virus is
more neuroinvasive in the immature central nervous system
(CNS). In the period 1964 to 1992, 141 human cases of EEE
(annual average, 4.9; as with WEE, a clear decline from the
1955 to 1984 average) were reported to the CDC (174).

Both sexes are equally susceptible to EEE virus infection,
albeit there are more clinical infections of males than of
females; inapparent infections occur at the same rate for all
age groups and both sexes. Risk factors for humans to
acquire EEE include age (children <15 years old and adults
>55 years old constitute 70 to 90% of cases during out-
breaks) and residence or extensive time spent in rural areas,
particularly wooded areas near swamps and marshes that
serve as vector breeding sites. Certainly, as human popula-
tions increase and coincidentally impinge on natural habitats
of mosquitoes and their associates, and as subdivisions are
built on or abutting swamps where the virus occurs, an
increased risk of infection becomes more likely.

SLE Virus

Biological and genetic differences between isolates of SLE
virus from North America and South America have been
recognized, and the sophistication of epidemiologic studies
has thus been enhanced (26, 217, 232). There is a general
agreement among results of oligonucleotide patterns, pro-
duction of viremia in house sparrows, and neuroinvasive-
ness for weanling mice. Four genetic lineages of SLE virus
are found in the United States: one, from the eastern central
and Atlantic states including the Mississippi flyway, is most
often isolated from Cx. pipiens-Cx. quinquefasciatus mos-
quitoes; two (epidemic and enzootic strains) occur in Flor-
ida, where they are transmitted by Culex nigripalpus mos-
quitoes; and a fourth occurs in the western United States and
is transmitted by Cx. tarsalis mosquitoes. The complexities
of these genetic interrelationships have been summarized
(232). Partial sequencing of the genome of SLE virus dem-
onstrated homology with others of the Japanese encephalitis
complex (231) and provides a means of determining small but
significant alterations in genotypes. These techniques can be
used to classify SLE virus strains by their geographic origins
and are a powerful tool for determining the source of
outbreaks. Strains from within a geographically restricted
area have been shown to have arisen by genetic drift and to
have been introduced from other geographic areas. Such
methods have been used to confirm the epidemiologic hy-
pothesis of Luby (151) that epidemic SLE in Dallas, Tex., in
1966 had been caused by virus introduced from the rural
cycle involving Cx. tarsalis.

That SLE virus persists in certain geographic areas year
after year, or nearly so, is evidenced by antibody in resident
young birds and mammals and repeated virus isolations from
mosquitoes and vertebrates. Because certain species of
Culex mosquitoes hibernate over winter as adults, consider-
able effort, particularly in California (189), has been made to
obtain evidence that SLE virus overwinters in mosquitoes of
this genus. Rare winter isolations of SLE virus have been
obtained from Cx. pipiens mosquitoes in Maryland (13) and
from Cx. tarsalis mosquitoes in California (189), and SLE
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virus has been isolated from Mexican freetail bats (Tadarida
brasiliensis mexicana) in Texas (221). However, it is far
from clear that any of the above isolations represent an
actual overwintering mechanism for SLE virus, or, even if
they did, that they would be sufficient to perpetuate the virus
perennially. Nevertheless, it is incontrovertible that SLE
virus recurs, and it must have some means of doing so. For
further details of these studies, the reader is referred to a
comprehensive review by Reeves (189). Although rare in-
stances of transovarial transmission have been documented
for SLE virus, dengue viruses, and Japanese encephalitis
virus, this mechanism has not been shown to be important in
their persistence. However, if transovarial transmission is
shown for these viruses, it may apply to all other mosquito-
borne flaviviruses as well (198).

National surveillance for SLE began in 1955. Since that
time, more than 4,000 cases of SLE have been reported to
the CDC. The disease occurs in epidemic form at about
10-year intervals. In 1975, an epidemic of SLE affected 1,815
people in the United States and 68 people in Canada (7), but
the mean number of cases reported annually in the United
States, excluding those occurring in 1975, has been 86
between 1964 and 1992 (range, 4 to 470) (174). Clinical attack
rates during epidemics have ranged from 1 to 800/100,000
population. There are several hundred inapparent infections
for every apparent infection with SLE virus.

The incidence of SLE in areas of the western United
States where SLE is endemic is greater in younger people
than in older people, but the opposite is true for SLE in
Florida and the eastern central and Atlantic states. This
likely is due to cumulative herd immunity in endemic but not
epizootic areas rather than to different basic susceptibilities
in the two human populations. SLE virus activity can be
monitored through surveillance programs that use wild birds
(149) or sentinel birds, mosquito collection and testing, and
constant monitoring of changing ecologic and environmental
circumstances (189). Risk factors associated with SLE are
both biological attributes of the human host and increased
exposure to virus-infected mosquitoes. Case fatality rates
during outbreaks have been estimated at 5 to 20%, but in
persons older than 75 years they have approached 70%. In
Manitoba, Canada, one human SLE case was reported in
1975 and two cases were reported in 1977 (7). An excellent
updated review of the epidemiology and ecology of SLE
virus has recently been published (171).

LAC Virus

LAC virus is the most important arboviral cause of
pediatric encephalitis in the United States (233). It is trans-
mitted mainly by Ae. triseriatus mosquitoes, which breed in
tree holes in woodlands and in discarded automobile tires.
Its principal vertebrate hosts are eastern chipmunks (Tamias
striatus), gray squirrels (Sciurus carolinensis), and red foxes
(Vulpes fulva). However, its natural cycle is far more
complex than might appear, and this complexity influences
the epidemiology of clinical LAC virus infections. Because
bunyaviruses have a tripartite genome (three segments of
RNA; see above), segment reassortment can and does
occur. Genotypic differences are expressed in trivial ways,
but such differences can be used to map the distribution of
various genotypes (135) and to study the evolution of these
genotypes. Further, transovarial (245) and venereal (228)
transmissions can occur in the principal arthropod vector of
LAC virus, Ae. triseriatus, and the virus can overwinter in
its eggs (246). The infection of the mosquito’s ovarian cells
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and oocytes results in infection of both sexes of offspring.
This not only bypasses the need for a viremic vertebrate host
for this generation but provides a mechanism for venereal
transmission as well. However, continuous propagation of
LAC virus solely by transovarial and venereal transmission,
without an occasional or intervening virus meal, has not yet
been proven.

The usual vertebrate hosts in the ‘“natural’® cycle (chip-
munks and squirrels) are readily accessible to the vector
mosquito. As already stated, Ae. triseriatus is principally a
woodlands mosquito that breeds mainly in root cavities of
larger hardwood trees. Unfortunately, these preferred
breeding sites are not restricted to sparsely inhabited wood-
lands but may also be abundant in more densely populated
suburban areas, literally bringing the virus into one’s back-
yard. Ae. triseriatus will also breed in discarded tires and
other artificial containers, which increases risk of human
infection even more.

Although LAC virus was first isolated, has been best
studied, and is most common in the upper midwestern
United States, it causes disease in children throughout its
entire range. Cases have been recorded in Arkansas, Flor-
ida, Georgia, Illinois, Indiana, Iowa, Kentucky, Louisiana,
Michigan, Minnesota, Mississippi, Missouri, New York,
New Jersey, North Carolina, Ohio, Pennsylvania, Tennes-
see, West Virginia, and Wisconsin. Most infections occur
during the period July to September. From 1963 to 1981, a
total of 1,348 (annual average, 71) cases of ‘‘California
encephalitis’ were reported to the CDC (128), and there is
reason to believe that this disease is greatly underreported
(128). The official term California encephalitis is a poor one,
as it is used to designate illnesses that do not necessarily
involve the CNS and could be caused by any of the CAL
serogroup viruses. From the geographic locations of these
cases and the distributions of LAC virus and Ae. triseriatus
mosquitoes, it is probable that all but a scant few of these
1,348 illnesses were due to infections with LAC virus.

Of the 1,348 cases, Ohio reported 463 (34.3%), Wisconsin
reported 329 (24.4%), Minnesota reported 218 (16.1%), and
Illinois reported 112 (8.3%), giving a total for these four
states of 1,122 cases, or 83.2%. Whereas these numbers
undoubtedly indicate the general epidemiologic situation,
they probably also reflect, to some extent, the relative effort
expended in the states with greater LAC awareness and
supportive ongoing programs.

In the period 1964 to 1992, a total of 2,032 cases of
California encephalitis were reported to the CDC (174).
These numbers do not include three unconfirmed cases
reported from states where LAC virus has not yet been
isolated. Assuming that essentially all of these infections
were caused by LAC virus (and not by Jamestown Canyon
or snowshoe hare virus, other CAL serogroup viruses that
rarely cause human illness), there has been little change in
morbidity over the years. However, credible information on
attack rates is lacking. Again, Ohio, Wisconsin, Minnesota,
and Illinois reported most of the cases (1,564; 76.9%). The
annual number of cases has remained relatively constant at
an average of about 70 cases since 1963, when California
encephalitis first was made a reportable disease. This pattern
of disease differs from those of WEE, EEE, and SLE, in
which epidemics occur at regular or irregular intervals but,
in some years, virus activity is not evident at all or is barely
detected. Such endemicity indicates the stability of LAC
virus cycles in nature.

Human LAC virus infections are not distributed uniformly
in states where they occur. Rather, they are limited to
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particular ecologic areas favorable to the virus-vector-host
interactions. Undoubtedly, these areas sometimes straddle
state lines, although reports of LAC virus infections may
appear to indicate that state boundaries are true delimiting
factors, obviously an artifact of local emphasis on testing
and reporting. Overt LAC virus infections are more common
in individuals of <15 years of age; more than 90% of patients
are in this age group (128). In 1981, it was shown that about
64% of illnesses due to LAC virus occurred in males,
presumably a reflection of greater exposure to mosquitoes
while camping, hiking, and participating in other outdoor
activities such as playing in tree houses (128); whether this
trend has continued is not known.

The inapparent/apparent infection ratio for LAC virus
infection has not been clearly established. On the basis of
high antibody prevalence and relatively low disease inci-
dence, one would assume that this ratio is high. It has been
estimated that there may be as many as 15,000 infections
annually (inapparent and apparent combined) in Indiana
alone and 300,000 in the several midwestern states. For
children <16 years of age, there may be more than 1,000
infections per reported case (102). On the basis of cases of
encephalitis alone, however, excluding inapparent and
milder infections, a morbidity/fatality ratio of <26:1 has
been estimated for this same clinically susceptible age group
(128). Overall, taking all clinical cases of all ages into
account, the fatality rate is about 0.3%.

It is clear that Jamestown Canyon (76), snowshoe hare
(87), California encephalitis (189), and other CAL serogroup
viruses in the United States and Canada infect humans,
although rarely. In contrast to the pattern with LAC virus
infection, illnesses associated with Jamestown Canyon virus
infections have been detected in people >18 years old, the
single exception thus far being an 8 year old with a concom-
itant herpesvirus infection. Snowshoe hare virus infections,
on the other hand, have been reported to occur in young
people, as with LAC; human clinical illnesses with Califor-
nia encephalitis virus have been too few for age assessment.
There are insufficient data on infections by these or by two
other possible pathogens of the CAL serogroup, trivittatus
and Keystone viruses, to draw conclusions about risk fac-
tors or rates. Nevertheless, these viruses occur in discrete
cycles (10, 105, 189). Jamestown Canyon virus is transmitted
to large mammals by Culiseta inornata in the western United
States and to deer by Aedes communis group and Aedes
stimulans mosquitoes elsewhere; snowshoe hare virus is
transmitted to snowshoe hares (Lepus americanus) and
ground squirrels (Spermophilus franklinii and others) by Ae.
communis and other aedine mosquitoes; California enceph-
alitis virus is transmitted to blacktail jackrabbits by Ae.
melanimon and Cs. inornata mosquitoes; trivittatus virus is
transmitted to cottontail rabbits (Sylvilagus auduboni) by
Ae. trivittatus mosquitoes; and Keystone virus is transmit-
ted to gray squirrels (Sciurus carolinensis) and cottontail
rabbits (also cotton rats [Sigmodon hispidus] in Florida) by
Aedes atlanticus (possibly also Aedes infirmatus in Florida).

The main risk factors for acquiring infections with LAC
and other CAL serogroup viruses are the extent of exposure
to infected vector mosquitoes and the age group of the
person exposed. Generally, a high population density of the
vector species with a high infection rate is a determining
element.

Alaska is a special case with regard to arboviruses.
Although one would assume such a harsh landscape would
be a restricted environment, one not conducive to the
persistence of arboviruses, the reality is different. No evi-
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dence for the presence of WEE, EEE, SLE, or LAC viruses
in Alaska has been produced to date; however, many other
arboviruses, including snowshoe hare and Jamestown Can-
yon viruses, occur there, and some have been shown to
infect humans without evidence of illness (218). As else-
where, factors most significantly correlated with presence of
antibodies to Jamestown Canyon and snowshoe hare viruses
were the amount and duration of fieldwork and a history of
travel in certain remote or wilderness areas during the warm
season.

POW Virus

Many small mammals serve as hosts for ixodid ticks.
Those implicated in the natural cycle of POW virus include
marmots (woodchuck [Marmota monax]) and snowshoe
hares, which assist in amplification of both tick and virus
populations. POW virus has been isolated on two occasions
from naturally infected foxes (Vulpes fulva), but both iso-
lates came from sick animals, an indication that they are
unlikely natural hosts. Other isolates of POW virus have
been obtained from a red squirrel (Tamiasciurus hudsoni-
cus), a white-footed mouse (Peromyscus leucopus), and a
spotted skunk (Spilogale putorius). Their significance in the
natural cycle of the virus is unknown; these isolates may
reflect only the catholic feeding habits of the tick vectors.

The incidence of human disease caused by POW virus is
low, as attested to by 19 symptomatic infections recognized
in Canada and the United States before 1981 and 3 (1 fatal)
infections since then (6, 7, 90, 122). Thousands of serum
samples from humans in Ontario, Canada, and the state of
New York, where most of the cases have been recognized,
have been tested for antibody to this virus, but only a few
have been positive. McLean et al. determined the preva-
lence of antibody to be 0.5 to 3.3% in northern Ontario and
that prevalence rates varied between communities (156). The
prevalence of antibody to POW virus is extremely focal,
probably reflecting the focality of the virus and, possibly, the
focality of the vector tick. As with other tick-borne flavivi-
ruses, POW virus can be transmitted in goat milk. Although
no human infections with POW virus have yet been attrib-
uted to this route, it would seem unwise to drink unpasteur-
ized milk from goats in areas where this virus has been
reported.

The slow spread of the vector ticks, principally I. cookei
and other Ixodes ticks in North America, probably contrib-
utes to the focality of POW virus. Focality, however, does
not indicate inefficiency of transmission but simply the
improbability of human contact with infected ticks that can
serve as vectors and which are not detected before they have
an opportunity to take a blood meal and infect the unfortu-
nate hiker, woodsman, child, or other person participating in
outdoor activities. Infected ticks, brought into the home by
cats and dogs, may be a significant mode of epidemiologic
spread of POW virus to humans (75, 227).

Of the 19 North American clinical cases (12 males and 7
females) reportedly caused by POW virus, 6 patients were
under 6 years old, 10 were 6 to 15 years old, and 1 each were
19, 57, and 82 years old. These statistics indicate that, while
individuals of all ages may be susceptible, those in the
younger age groups are much more so; children spend much
less time in the woods but have a much greater attack rate.
Identified risk factors are season of the year (May to
December, with peak period of June to September), the
amount of time spent in rural areas, and contact with
infected ticks.
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CTF Virus

CTF virus is transovarially (adult female—egg) and trans-
stadially (larva—nymph—adult) transmitted in D. andersoni
ticks (94). In a detailed study of CTF virus and CTF in
Rocky Mountain National Park, Colo. (summarized in ref-
erences 25 and 159), increased CTF virus activity was
detected at sites with south-facing slopes, open stands of
ponderosa pine, and shrubs on dry, rocky surfaces; these
landscape characteristics were determined to be fundamen-
tal in maintaining the virus. These specific ecologic charac-
teristics were vital to tick populations as they constituted
specific habitats for the small mammals on which the ticks
depend for both blood meals and shelter. Mammals involved
in the natural cycle of CTF virus include the golden mantled
ground squirrel (Spermophilus lateralis), porcupine (Eri-
thizon dorsatum), least chipmunk (Eutamias minimus), deer
mouse (Peromyscus maniculatus), and bushy-tailed woodrat
(Neotoma cinerea). An excellent review of the ecology of
CTF has been published by Emmons (84).

An undoubtedly underreported total of 441 cases of CTF
occurred between 1985 and 1989 in the states that had active
CTF surveillance programs: Colorado, Montana, Utah, Wy-
oming, California, and Idaho. An analysis of 606 CTF cases
by age and sex (22) revealed that 11.6% (7.3% males and
4.3% females) were 0 to 9 years of age; 16.4% (11.9 and
4.5%) were 10 to 19 years; 23% (18.2 and 4.8%) were 20 to 29
years; 12.7% (10.2 and 2.5%) were 30 to 39 years; 12.8% (8.7
and 4.1%) were 40 to 49 years; 9.6% (6.1 and 3.5%) were 50
to 59 years; 10.9% (7.1 and 3.8%) were 60 to 69 years; and
3.0% (2.0 and 1%) were >70 years of age. In all, 71.5% of
cases were in males and 28.5% were in females. Whether the
excess cases in males and people aged 20 to 29 years is
indicative of more time spent in outdoor activities has not
been determined. The primary risk factor for acquiring CTF
is exposure to infected D. andersoni ticks in areas where
CTF virus is endemic. Other factors are being male and aged
10 to 50 years, having an outdoor occupation, having fre-
quent or lengthy outdoor recreational activities, and being
exposed to ticks in mountain areas where CTF virus is
endemic in the period April through June. Receipt of blood
by transfusion from donors living in or traveling through an
area of endemicity and accidental exposure to the virus by
laboratory workers are minor factors that should also be
considered (25).

VECTORS, VERTEBRATE HOSTS, AND
TRANSMISSION

For arboviruses to be transmitted, a complex series of
interactions among virus, arthropod, and vertebrate host and
a range of ecologic conditions must be in place. At each step
in the process, biochemical triggers and molecular se-
quences facilitate reactions and provide the backbones upon
which new molecules are built. From afar, we see grasses,
drainage ditches, rocky outcroppings, salt marshes, wood-
lots, and the occasional mammal or bird, amphibian or
reptile, equine, or bovine. Observing more closely, we see
mosquitoes and ticks and midges and sand flies, and we
recognize that these communities have ecosystems of their
own. Most of the time we cannot detect the comings and
goings of life forms. It is when viruses within the most
microscopic aspects of such ecosystems kill or otherwise
affect humans, livestock, or the wild birds and mammals we
favor that we realize that ‘““something is happening,”” and, if

ARBOVIRUSES 101

the vertebrate is sufficiently significant (someone’s child,
grandparent, or working horse), we might take action.

A biological transmission cycle of an arbovirus can be
conceived of as beginning with an uninfected, susceptible,
and competent hematophagous arthropod taking a blood
meal from an infected vertebrate. If there is no “mesenter-
onal escape barrier’’ (a not yet understood mechanism that
prevents virus from moving from infected gut tissue to other
tissues), ingested virus then replicates in the arthropod’s
posterior midgut and is disseminated to other tissues (e.g.,
WEE alphavirus [118, 141]). A mesenteronal escape barrier
exists for epizootic, but not enzootic, Central American
VEE virus strains (249), indicating how specific and how
complicated these mechanisms are. Ludwig et al. (152)
contended that because arboviruses are exposed to two
notably different environments, vertebrate cells and arthro-
pod cells, processing by host enzymes might influence the
capacity of these viruses to adjust to such disparate condi-
tions. They then showed that exposure of LAC bunyavirus
to proteolytic enzymes, such as those in the mosquito
midgut, increased virus affinity for mosquito cells. The
enzymes they used removed the G1 glycoprotein but left the
G2 glycoprotein intact. They concluded that processing of
LAC virus glycoproteins in the mosquito midgut ‘““may be
necessary to expose attachment proteins on the virion sur-
face before attachment to, and infection of, midgut cells can
occur’ (152) and suggested that this paradigm may answer
questions about the molecular basis for midgut infection
barriers and susceptibility to arbovirus infections.

Irrespective of the mechanism by which virus reaches the
hemocoel of the insect, it is then transported in the hemo-
lymph or along nerves to various organs and tissues, includ-
ing the salivary gland, where it replicates. Then, within a few
days of taking its blood meal and if there is no “‘salivary
gland escape barrier,”” the arthropod can transmit virus to
the vertebrate host on which it subsequently feeds. Under
certain circumstances, e.g., when arbovirus populations are
amplified during an outbreak, in areas ecologically unusual
for a particular virus, or during drought or other conditions
incompatible with long-term persistence of an arbovirus, an
atypical arthropod species may be infected, as evidenced by
WEE virus isolates from Aedes dorsalis, Aedes campestris,
and Culex erythrothorax (64, 124). However, such arthro-
pods may be incompetent transmitters and only peripherally
involved in viral transmission (189). Tabachnick (222) has
made an excellent case for continuing evolutionary studies
of arboviruses and their vectors, suggesting that such studies
may provide methods for understanding vector-host interac-
tions.

Transstadial, transovarial, and venereal transmission also
can take place. Obviously, as indicated earlier, many vari-
ables of physiology and biology of the arthropod and phys-
ical and genetic characteristics of the viruses must converge
for transmission to occur, and it is likely that there are more
factors that we do not know than that we do know. The
reader is referred to other more extensive and explicit
reviews and other publications for further details (80, 112,
161, 213, 214, 216). However, it can be stated unequivocally
that an arthropod’s susceptibility to arboviruses and its
ability to transmit them are under the control of vector genes
(140, 223).

A number of factors influence the feeding preferences of
successful arthropod vector species; these include the at-
tractiveness of the susceptible vertebrate species to the
arthropod, the degree of tolerance of the vertebrate for
arthropod feeding, the distribution and abundance (availabil-
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ity) of the vertebrates, and the characteristics of the climate
and local habitat (202). Once an appropriate vertebrate is fed
on by an infected arthropod and is infected, it becomes
viremic and is stimulated to produce antibody. The antibody
serves to quench the viremia but also may serve to modify
the virus population by suppressing some phenotypes but
not others. Because phenotypes are simply the expressions
of genotypes, genetic selection can be the result. Obviously,
this does not happen often enough to affect entire virus
populations (arbovirus populations are remarkably stable
genetically), but when it does occur, changes conferring
selective advantages on those populations can be the result.

The principal (but not exclusive) vertebrate hosts of WEE,
EEE, and SLE viruses are birds. Episodes involving endan-
gered whooping cranes (Grus americana) and exotic emus
(Dromaius novaehollandiae) (235) indicate that birds of
many species are susceptible, though not necessarily useful
hosts to the virus. Seven of 39 captive whooping cranes died
from EEE virus infections in Maryland; none of 240 sandhill
cranes (Grus canadensis) housed with the whooping cranes
either died or appeared sick (77). Clinical EEE virus infec-
tions were diagnosed in individuals of a flock of emus in
southeastern Louisiana. The outbreak was concurrent with
an equid outbreak of EEE in the area. No nervous system
lesions were observed, but the attack rate was 76% and the
case fatality rate was 87%. Isolates of EEE virus have been
obtained from two sick emus in 1993; clinical signs included
bloody diarrhea, and pathology was reported as hemorrhagic
enteritis (4). Recently, WEE virus was isolated from brain
tissue of two emus in California (4).

Surveillance of arbovirus activity at local and state levels
in some states entails periodic testing of serum samples from
sentinel chickens and wild birds to assess antibody preva-
lences (149, 158, 189). Wild birds can be monitored for
antibody during interepidemic and interepizootic periods
(85, 157). Also, the relative involvement of a particular bird
species in urban and rural epidemics can be estimated by
examining two variables: antibody prevalence in the given
species, and the proportion of the total bird population
represented by that species (150). Although birds are useful
as sentinels for surveillance, results must be interpreted with
care. It has been shown that detectable neutralizing antibody
in some native birds is ephemeral, whereas in others it is
extremely long lasting.

Because the natural cycles of LAC, POW, and CTF
viruses involve mammals and not birds, different skills and
techniques are used for field study of these viruses than for
the viruses of WEE, EEE, and SLE, but the study plans are
essentially the same. Whereas wild birds are generally
netted, a relatively simple process, the principal vertebrate
hosts of LAC, POW, and CTF viruses (respectively, eastern
chipmunks and gray squirrels; marmots and snowshoe
hares; and golden mantled ground squirrels, porcupines,
least chipmunks, deer mice, and bushy-tailed woodrats)
must be trapped in a variety of ways, some of which are
tedious and expensive.

An apparently novel mechanism has been recently discov-
ered for transmission of Thogoto virus, an apparent orthomyx-
ovirus isolated from ticks in Africa, Europe, and Asia (125,
126). Uninfected Rhipicephalus appendiculatus ticks acquired
virus when they were co-fed with infected R. appendiculatus
on normal (uninfected, apparently healthy) guinea pigs, which
are refractory to infection with this virus. This tick-to-tick
transmission was potentiated by factors associated with the
salivary glands of ticks (saliva-activated transmission).
Thus, a vertebrate apparently refractory to infection by this
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arbovirus can still play an important role in the epidemiology
of the virus. Further, adult R. appendiculatus ticks are more
efficient than adult but not nymphal Amblyomma variegatum
ticks in mediating this nonviremic transmission of Thogoto
virus. Whether there is a similar mechanism for POW and
CTF viruses has not been studied. However, should such be
determined to occur in nature, a redefinition of the term
“principal vertebrate host” will be in order.

Dispersal of arboviruses from enzootic foci or newly
established foci is a function of the arthropod vectors and
vertebrate hosts involved in their natural cycles. In a mark-
recapture study at an EEE virus focus in central New York
State, Cs. melanura mosquitoes (a known vector species of
EEE virus) were found up to 9.8 km from a release site (119),
indicating significant spread by vector flight alone. Infection
pressure may also stimulate virus spread beyond its ordinary
boundaries. Significant increases in arthropod and verte-
brate host populations, generally accepted as predictors of
peak viral activity, the movements of foraging mammals and
birds, the hatch and birth of susceptible clutches and litters,
and increased availability of foods may stimulate virus
amplification and produce such pressure.

Winds may play some role in dispersing infected arthro-
pods from enzootic and epizootic areas. Although attempts
have been made to demonstrate the importance of this
means, evidence is lacking for a general importance of
passive dispersal. Sellers and Maarouf analyzed wind veloc-
ities, trajectories, temperatures, rainfall, barometric read-
ings, and other meteorologic factors and concluded that
sources of EEE virus in outbreaks between 1980 and 1985 in
Maryland, New Jersey, New York, and Michigan could have
been wind-blown mosquitoes from more southerly points in
the United States (211). They hypothesized that EEE virus
could have been brought to Quebec in 1972 “by infected
mosquitoes carried on surface winds from Connecticut, on
the night of August 22-23, 1972°* (209), and that WEE virus
could have been brought to Minnesota, North Dakota, and
Manitoba by infected mosquitoes riding winds moving from
areas further south (210).

Whether global climate changes or other, as yet unrecog-
nized, alterations in the environment will significantly affect
persistence and transmission of arboviruses is not known.
Shope has suggested that global climate changes could
impact negatively on the ability of certain viruses, such as
LAC virus, to persist if these changes significantly alter their
environments and the ecosystems on which they so closely
depend (213). However, the occurrence of greater opportu-
nities for natural selection by RNA viruses that already have
high rates of mutation certainly cannot be harbingers of good
news (see section on epidemiology). Shope also proposes
that additional ecological studies be done to establish the
baselines that will be necessary to assess the effects of global
warming, and he suggests the need for new and more effective
methods for control of vectors in the future. In addition,
studies of virus, vector, and vertebrate host genes and studies
of the control of interactions between them, as well as the
actions of genes under different environmental circum-
stances, are needed for forecasting disease development.

PATHOGENESIS AND CLINICAL DIAGNOSIS
WEE
Illnesses caused by WEE virus range from mild fevers

with headache to aseptic meningitis and encephalitis (70,
186, 191). Onset is sudden and accompanied by a constella-
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tion of fever, headache, chills, nausea, vomiting, or, occa-
sionally, respiratory symptoms. Symptoms and signs indic-
ative of CNS infection follow within several days and may
include lethargy, drowsiness, nuchal rigidity, photophobia,
and vertigo. The patient drifts into stupor or coma in severe
cases. In particular, infants <2 months old are irritable and
have focal or generalized convulsions, upper motor neuron
deficits, and tremors. These signs appear in 90% of patients
<1 year old and decreasingly in patients of greater age.
Confirmed or probable in utero infections were observed in
five infants infected with WEE virus near term. They sur-
vived acute encephalitic illnesses, but three had severe
neurologic sequelae.

Also seen are various pathological reflexes, which vary
from patient to patient and appear to depend on the stage of
illness. Weakness and hyporeflexia are common, and chil-
dren often display muscular rigidity, involuntary move-
ments, and paralysis. CSF pressure may be mildly elevated,
and CSF contains normal glucose, normal or mildly elevated
protein, and elevated leukocyte counts (but generally <500/
mm?®). Early in infection, polymorphonuclear cells predom-
inate, but mononuclear cells predominate later. After about
10 days, patients begin gradual convalescence.

Patients who die usually do so within 1 week after onset of
illness. At autopsy, the significant primary findings are in the
CNS. The brain usually is edematous. Multiple necrotic foci,
often without cellular infiltrate, are found in striatum, globus
pallidus, substantia nigra, cerebral cortex, thalamus, and
pons. Widespread perivascular cuffing and meningeal reac-
tion often are observed. Pathologic findings in a 75-year-old
woman with focal neurologic signs due to WEE virus en-
cephalitis were perivascular infiltration and multifocal necro-
sis in the deep gray matter. Similar findings in the basal
ganglia and spinal cord corresponded to the focal clinical
signs (1).

Sequelae of WEE encephalitis include fatigue, irritability,
headache, and tremors for as long as 2 years. The overall
case fatality rate is 3 to 4%, but adults usually recover
completely. A minority display motor damage, intellectual
impairment, emotional lability, or seizures. Of infants and
children with CNS involvement, 56% of those <1 month old,
16% of those <2 months old, and 11% of those 2 to 3 months
old have severe motor damage or intellectual deficits and
often require permanent institutionalization or comprehen-
sive home care. Only occasionally are serious sequelae seen
in pediatric patients >1 year old, but 25 to 33% of children
with convulsions during the acute illness will have subse-
quent seizures, some beginning 18 to 24 months after the
acute phase.

Virus is rarely isolated from blood or CSF at the time of
onset of illness but can be isolated from postmortem brain
and other tissues; WEE virus has been isolated from the
biopsied frontal lobe from a child (86). The incubation period
is 5 to 10 days, likely explaining the presence of antibody at
the time of onset.

EEE

The course of infection with EEE virus can be either
systemic or encephalitic, depending on the age of the patient
and other factors (70, 176, 186). Human infection is charac-
terized by virus replication in peripheral sites, followed by
viremia. Systemic infection has an abrupt onset, with chills
and fever followed by malaise, arthralgia, and myalgia.
Maximum temperatures can be 37.8 to 40°C. The illness lasts
1 to 2 weeks, and recovery is complete when there is no
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clinical CNS involvement; most systemic infections are
subclinical.

CNS involvement may be due to virus dissemination from
EEE virus-damaged CNS vessels. EEE virus encephalitis in
infants is characterized by abrupt onset, but in older children
and adults encephalitis is manifested after a few days of
systemic illness. Signs and symptoms in encephalitic pa-
tients are fever of 38.9 to 41.3°C, headache, irritability,
restlessness, drowsiness, anorexia, vomiting, diarrhea, cya-
nosis, convulsions, and coma. Children present with edema
(either generalized, facial, or periorbital); when it occurs,
paralysis develops during the acute phase of illness. Tremors
and muscular twitching usually are accompanied by contin-
uous nuchal rigidity. CSF pressure is usually increased; 200
to 2,000 cells per mm?>, 60 to 90% of which are neutrophils,
may be present. Death usually occurs 2 to 10 days after onset
of symptoms but rarely occurs much later. Death is due to
encephalitis, sometimes with evidence of myocardial insuf-
ficiency and impairment of pulmonary function due, in turn,
to impairment of autonomic functions. Brain lesions are
typical of encephalomyelitis and include neuronal destruc-
tion and vasculitis, which is perivascular and parenchymous
at the forebrain, basal ganglia, cortex, midbrain, and brain
stem. Electron microscopy of brain tissue taken at autopsy
has shown virions in the oligodendroglia. Electron micros-
copy of brain tissue taken by biopsy from an 8-month-old
patient with acute EEE virus encephalitis revealed virions in
extracellular spaces and not intracellularly (132), suggesting
that the specimen was obtained relatively late in the enceph-
alitic phase of the illness. There is minimal involvement of
the cerebellum and spinal cord.

EEE encephalitis is considered the most severe arthro-
pod-borne encephalitis in North America. Mortality during
epidemics has been estimated variously as 50 to 75%, and
most of those who recover are left with disabling and
progressive mental and physical sequelae, which include
minimal brain dysfunction to severe intellectual impairment,
personality disorders, seizures, spastic paralysis, and spe-
cific cranial nerve dysfunction. Many patients with severe
sequelae die within a few years. A study of late outcomes
showed that an initial mortality rate of 74% had progressed,
9 years after infection, to total mortality (associated with
EEE sequelae) of 90%, with only 3% recovering (12).

EEE virus rarely is isolated from blood or CSF at the time
of onset of illness but can be isolated from postmortem brain
and other tissues. Antibody is present at the time of onset of
clinical illness. If the situation in humans is similar to that in
equids, this likely is due to an extended incubation period,
during which virus replicates, antibody synthesis begins, and
symptoms follow, usually 5 to 7 days after infection.

SLE

Humans infected with SLE virus may have any of an
extensive array of clinical manifestations, but most persons
are asymptomatic. In 40% of the young adults and children
who do become sick, fever and headache or aseptic menin-
gitis may be the only signs. Detailed definitions of the terms
encephalitis, aseptic meningitis, and febrile headache, as
they relate to SLE virus infections, have been proposed (27).
In the eastern United States and Canada, increasing severity
of illness is related to increasing age. Almost 90% of elderly
SLE patients develop encephalitis. The risk of fatal disease
also increases with age. Onset of serious illness generally is
sudden, with headache, fever, dizziness, nausea, and mal-
aise, but onset can also be less abrupt, with symptoms
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evolving slowly. Signs and symptoms increase for up to 1
week, after which time there is defervescence and general
resolution of the illness in some patients. In others, CNS
symptoms develop and progress, with nuchal rigidity, dis-
orientation, tremors, and unsteady gait commonly observed.
A normal mental status may be apparent, but apathy,
confusion, and disorientation developing to coma may occur
in severe cases. Incontinence, frequency and urgency of
urination, and retention of urine may occur in about 25% of
SLE patients. The pathologic basis for urinary tract disor-
ders is not known, but inappropriate secretion of antidiuretic
hormone has been documented (256) and may account for
hyponatremia observed in some SLE cases. The hypotha-
lamic-pituitary-adrenal axis appears to be functionally intact
even in severely affected patients (79), but the cerebral
metabolic rate may be depressed, while cerebral blood flow
remains normal (212). Cranial nerve palsies occur in about
20% of cases.

Clinical laboratory findings usually are not distinctive.
Inappropriate secretion of antidiuretic hormone in patients
with hyponatremia may imply further problems. Early in the
disease process, CSF may show a preponderance of poly-
morphonuclear cells, and a shift toward lymphocytic pleo-
cytosis is usual. Cells in CSF usually amount to fewer than
200/mm?>. Protein in CSF usually is only slightly elevated,
i.e., 1.5 to 2.0 times normal. Computer-assisted tomographic
scans of the head do not provide useful information, and
electroencephalogram tracings show generalized slowing
without focal activity.

A review of the pathogenesis of SLE virus and a mecha-
nism for its entry to the CNS via olfactory bulbs has been
published (168). By whatever means it arrives in the CNS,
SLE virus produces brain lesions. Postmortem examinations
(99) show that the brain and spinal cord are of normal weight
and appearance except for diffuse mild to moderate lepto-
meningeal and parenchymal congestion. The brain and me-
ninges are congested and hyperemic; microscopic analysis
reveals diffuse mild to moderate meningitis, with leptomen-
ingeal infiltrates most prominent at the base of the brain stem
and around the cerebellum. These infiltrates are composed
of small lymphocytes, scattered plasma cells, macrophages,
and a few polymorphonuclear leukocytes. Perivascular in-
flammatory cells are found in the Virchow-Robbin spaces of
penetrating blood vessels, particularly in the midbrain and
pons. Neurons are found in various stages of degeneration,
including in phagocytosis, and SLE viral antigen can be
detected in these degenerating cells. Cytoplasmic swelling
with eccentric displacement of nuclei and other cytopatho-
logic changes have been observed. Cellular nodules, com-
posed of monocytes, lymphocytes, and microglial cells in the
parenchymal white matter, are seldom associated with tissue
destruction. In the gray matter, the substantia nigra of the
midbrain and thalamic nuclei are the most severely affected
regions. Perivascular infiltrates, cellular nodules, and occa-
sional neuronophagia are observed in the thalamic nuclei.
Cerebellum, pontine tegmentum, medulla oblongata, stria-
tum, and anterior and posterior horns of the spinal cord are
among other areas involved, although the frequency of
lesions in these areas is low.

Protracted convalescence characterizes patient recovery
in 30 to 50% of SLE cases involving the CNS. Asthenia,
irritability, tremors, sleeplessness, depression, memory
loss, and headaches usually last no longer than 3 years, but
in approximately 20% of these patients, and apparently
depending on the age of the patient and severity of the acute
illness, symptoms persist for much longer periods. These
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symptoms include gait and speech disturbances, sensorimo-
tor impairment, psychoneurotic complaints, and tremors
(89, 166).

SLE virus rarely is isolated from blood or CSF of patients
in the acute phase of their illness but can be isolated from
postmortem brain and other tissues; antibody usually is
present at the time of onset of illness, likely due to the
relatively long (4- to 21-day) incubation period.

POW

Because so few cases of clinically apparent POW virus
infection have been recorded, few definitive and generally
applicable statements can be made about infection with this
virus. In the few human infections described, onset is
sudden, with headache and fever to 40°C and convulsions.
Prodromal symptoms include sore throat, sleepiness, head-
ache, and disorientation. Encephalitic cases are character-
ized by vomiting, prolonged fever or fever of variable length,
respiratory distress, lethargy, and other nonspecific symp-
toms throughout the acute phase. Patients may become
semicomatose with some paralytic manifestations, but gen-
eral neurologic signs of meningeal irritation presage enceph-
alitis, which is often severe. Most diagnosed cases display
evidence of focal lesions, but one patient had major involve-
ment of the right temporal lobe, more typical of herpes
encephalitis (6). Laboratory findings for the CSF are normal
glucose, elevated protein, and an initial polymorphonuclear
pleocytosis shifting to lymphocytic pleocytosis later in the
illness. Human infections with POW virus have been re-
ported from Far East Asia (146). Russian workers, analyzing
14 cases of POW encephalitis, reported seven patients (one
death) with signs of meningoencephalitic lesions, two with
meningeal manifestations, and five with inapparent or un-
complicated febrile infections. POW encephalitis was char-
acterized by signs of cerebellovestibular lesions, which differ
from signs of tick-borne encephalitis.

Pathologic findings at autopsy of the index case (155) were
inflammatory process in all areas of the brain, with the spinal
cord and cerebellum less affected; the inflammatory process
involved infiltration of perivascular areas, mainly by lym-
phocytes and monocytes and confined to the perivascular
spaces, and focal parenchymatous infiltration. Focal infiltra-
tions usually are in the gray matter, with macrophages or
microglial cells predominating but with occasional polymor-
phonuclear cells.

Sequelae have been reported in 8 of 17 individuals who
survived the acute infection. The most common indication of
neurologic damage was hemiplegia, but recurrent severe
headaches and damage to the upper cervical cord resulting in
paralysis and atrophy of shoulder muscles, a common fea-
ture of Russian spring-summer and Central European en-
cephalitides, also have been reported. Neuromuscular man-
ifestations, specifically hypotonia, have been documented in
a middle-aged male patient from Ontario, Canada (122).
Spasticity can persist for weeks after the initial illness in
patients who eventually improve.

The incubation period is at least 1 week after being fed on
by an infected tick. Virus may be isolated from basal ganglia,
cortex, and cerebellum of fresh postmortem brain tissue
from fatal cases. Neutralizing antibody is usually detectable
at the time of onset of illness, but other antibodies may not
be detectable until weeks later.
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LAC

LAC virus may be the best-studied virus of the family
Bunyaviridae with respect to virus ecology, disease etiology,
and pathogenesis (52). Extensive reviews of clinical and
pathologic aspects of LAC virus infections, including de-
tailed results of neurologic manifestations and sequelae,
have been published (52, 137, 187).

As noted above, most LAC virus infections are subclini-
cal, but when illness occurs, onset is abrupt. Patients present
with fever, chills, and headache with or without photopho-
bia; abdominal pain and upper respiratory symptoms with or
without sore throat and cough may occur. Progression to
more serious illnesses usually is predicted or defined by one
or more of the following symptoms: vomiting, nuchal rigid-
ity, lethargy, and coma (106). Most patients have fevers
>37°C, and 40% have fevers >39°C. Gundersen and Brown
(106) have divided the 178 patients they studied into three
groups: (I) no seizures during the acute illness (58%), (II)
seizures occurring only during the acute illness (33%), and
(III) seizures occurring after the acute illness (9%). Seventy-
two (40%) patients had acute seizures, with 14 (19.4%) of
these having recurrent seizures. Of the 104 patients in group
I, about the same proportion had subsequent seizure disor-
ders as is true for the general population. The authors
concluded that LAC virus infection in their study area (the
upper midwestern United States) is highly epileptogenic.
Most patients develop meningitis with polymorphonuclear
leukocytes and mononuclear cells; CSF protein is elevated
in about 20% of patients.

LAC virus produces an acute encephalitis that begins as a
mild febrile illness that lasts for 1 to 3 days and sometimes
for 1 week or more (61). In CNS infections, subsequent signs
and symptoms usually subside after a few more days.
Paresis, learning disabilities, and other cognitive deficits
occur in no more than 2% of those with CNS infections due
to LAC virus. Learning efficiency and behavior of most
recovered patients do not differ from those of control groups
in the same communities.

In the two fatal human cases studied, neuronal and glial
damage, perivascular cuffing of capillaries and venules, and
cerebral edema were noted on pathologic examination (127).
While these findings are not quantitatively different from
pathologic findings in other viral encephalitides, the distri-
bution of the pathologic changes sometimes is distinctive,
being most marked in cortical gray matter of frontal, tempo-
ral, and parietal lobes, basal nuclei, midbrain, and pons, with
other regions spared.

Neither LAC nor any other CAL serogroup virus has been
isolated from human blood or CSF; LAC virus has been
isolated from humans twice, both times from postmortem
brain tissues. Again, the length of the incubation period
(estimated at about 1 week for LAC virus) provides sufficient
time for initiation of antibody production and consequent
quenching of the relatively brief viremia (estimated duration,
1 to 3 days). In one study, 94% of the patients had immuno-
globulin M (IgM) antibody on the day of onset of illness (47).

In summarizing clinical findings in 12 patients ill after
infection with the less common Jamestown Canyon virus,
Deibel et al. (76) reported that most had nonspecific, mild
prodromata (fever, chills, abdominal pains, cough and other
upper respiratory symptoms, headache, and photophobia),
but 8 patients developed meningitic or encephalitic syn-
dromes; all but one of these patients were adults, in conspic-
uous contrast to LAC virus disease. One of these eight
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patients had seizures, one died, and one reported mild
seizures 2 to 4 months after her illness.

Clinical findings in ten humans (two females and eight
males; mean age, 14.6 years old; range, 3 to 59 years old)
infected with snowshoe hare virus have been summarized by
Artsob (5). Five patients had encephalitis, four had menin-
gitis, and one had meningoencephalitis.

CTF

Classically, symptoms of CTF appear abruptly, with initial
features of high fever, chills, joint and muscle pains, severe
headache, ocular pain, conjunctival injection, nausea, and
occasional vomiting. Fever, headache, lumbar pains, aching
in the extremities, and anorexia may continue for a few days
more; the spleen and/or liver may be palpable. A transitory
petechial or maculopapular rash is seen in a minority of
patients. The biphasic character of CTF is exemplified by
defervescence for a few days followed by a relapse of 2 to 3
days. A small proportion of patients complain of more
severe illness including extended prostration, anorexia, con-
tinuing fatigue, and convalescence for several or more
weeks. A more severe picture occasionally is seen in chil-
dren, who may have hemorrhagic manifestations ranging
from more pronounced rash to disseminated intravascular
coagulopathy and gastrointestinal bleeding. CNS involve-
ment, including aseptic meningitis and encephalitis, has been
seen in severely affected children. Rarely, adult orchitis,
pericarditis, hepatitis, and symptoms mimicking myocardial
infarction have been reported (25, 81, 104, 136).

Clinical abnormalities in laboratory mice are consistent
with features of human disease, but little information on
human pathologic changes is directly available (136). Leu-
kopenia and, in some instances, thrombocytopenia have
been observed, as has toxic granulation of neutrophils;
immature granulocytes may appear in the peripheral blood.
Granulocytes do not mature and megakaryocytes are de-
pleted in bone marrow. High levels of circulating alpha
interferon have been detected in 78% of CTF patients during
the first 10 days of illness, and interferon levels correlate
with fever but not with the frequency or severity of symp-
toms. Few fatalities have been recorded to be due to CTF. In
one, a 4 year old with encephalitis and hemorrhagic diathe-
sis, pathologic findings included skin purpura and petechiae,
swollen endothelial cells of capillaries in lymph nodes, and
prominent hyaline membranes in pulmonary alveoli. In a
second, a 10 year old with renal failure, hemorrhage, and
disseminated intravascular coagulopathy, pathologic studies
revealed focal necrosis of liver, myocardium, spleen, intes-
tine, and brain. Nevertheless, the vast majority of cases are
the uncomplicated, mild to severe illnesses described above.

The incubation period is <1 to 19 days (average, about 4
days), possibly dependent on the dose of CTF virus the
patient receives from the infecting tick. In contrast to WEE,
EEE, SLE, POW, and LAC virus infections, antibody to
CTF virus is not detected until 1 or 2 weeks after the onset
of illness (46). One remarkable finding in both humans and
experimental animals is prolonged viremia, which may last
for several months (184), a phenomenon advantageous for
diagnosis. Early in the disease, virus can be isolated from
both serum and blood clots with about the same frequency,
but later it is more easily isolated from blood clots and from
erythrocytes.
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DIFFERENTIAL DIAGNOSIS

Tsai has made a thorough case for the continued relevance
of arboviruses as disease problems of humans, arguing that
“‘secular trends in human behavior and modifications of the
environment may have profound influences on the epidemi-
ology of vector-borne infections’ (233), of which arboviral
infections are only one segment (192). Because there are no
pathognomonic profiles, no specific symptom or array of
signs and symptoms, and no physical findings, laboratory
abnormality, or radiographic or electroencephalographic
features that can be used to define any of the diseases
discussed here, a differential diagnosis on clinical grounds
can be very difficult. However, a thorough knowledge of
both the illnesses arboviruses cause and the epidemiologic
aspects of the natural cycles of these viruses should enable
an attentive clinician to make a rational differential diagno-
sis.

If the patient is not an infant, nonherpetic encephalitis is
usually a self-limited disease. Most patients recover without
significant sequelae and require only supportive therapy
during the acute illness. Identification of the infecting agent
has prognostic value that can complement clinical measure-
ments of disease severity. The critical initial task of the
clinician is to eliminate the possibility of a treatable illness
when one of the possibilities is a presumptive viral enceph-
alitis. Albeit nonspecific, leukopenia can be a first and simple
tool to provide initial information in forming a clinical
impression. Slow-wave background activity by electroen-
cephalogram and a mild lymphocytic pleocytosis in the CSF
are indicators of encephalitis, rather than the less worri-
some, but still serious, aseptic meningitis.

WEE, EEE, and SLE viruses should be suspected as
possible etiologic agents in febrile illnesses with CNS in-
volvement in a geographic (ecologic) area where these
viruses are known or suspected to occur. Symptoms in
common with those caused by enteroviruses, leptospirosis,
and bacterial meningitis may confound the initial clinical
impression. Whereas WEE and SLE and EEE and SLE may
be sympatric, it is only in areas where the geographic
distributions of WEE and EEE viruses might overlap, in the
general area of midwestern Canada and the United States,
that both WEE and EEE virus infections must be excluded
from the diagnosis. Other than an increasing likelihood of
SLE and a decreasing likelihood of either WEE or EEE with
increasing age of the patient, only good laboratory diagnos-
tics can be helpful. Nevertheless, patient age, seasonality of
the disease, location of exposure (if not in immediate area of
residence), occurrence of similar cases in the community;
and other epidemiologic features all must be taken intd
consideration. The possibility of strokes, brain tumors, and
other noninfectious CNS disorders also must be excluded, as
must herpes, mumps, influenza, adenovirus, respiratory
syncytial, lymphocytic choriomeningitis, encephalomyo-
carditis, and hepatitis viral encephalitides, Lyme disease,
AIDS encephalopathy, Creutzfeldt-Jakob disease, Alzhei-
mer’s disease, long-term alcohol abuse, other dementias
with other etiologies, Reyes syndrome, and treatable bacte-
rial, mycobacterial, and fungal infections in otherwise
healthy and in immunocompromised individuals. SLE often
is characterized by confusion, a slow evolution of disease,
absence of focal findings and seizures, and generalized
weakness and tremor. Taken together, these constitute a
constellation that may be distinctive to the experienced
clinician and which may differentiate SLE from herpes and
other viral encephalitides (234). Brinker and Monath have
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reviewed the differential diagnosis of SLE in North America
and devised a comprehensive list of conditions that might
allow misdiagnosis of a condition requiring urgent therapeu-
tic intervention (27). In addition, Gardner and Reyes have
compared the microscopic pathology of WEE, EEE, and
SLE in older children and in adults and attempted to
conceive a set of clinicopathologic correlates (99).

Absence of a history of recent travel, knowledge of
vaccinations, and information as to recent exposure to
animals are pieces of epidemiologic information useful in
making an initial differential diagnosis. Information that the
patient has travelled may broaden the possibilities. As one
example of the latter, a child in Ohio presented with ataxia,
head tilt, irritability, headache, fever, anorexia, and myalgia.
Upon additional questioning, it was related that she had had
fever, headache, anorexia, myalgia, and tick bite while on a
family vacation to Hungary. The patient’s biphasic illness
eventually was identified as Central European encephalitis
(73). Many more such anecdotal reports are in the literature
of many countries; inclusion here is intended to emphasize
the need to obtain a complete history on admission.

One cannot definitively attribute the presence of antibody
to present or previous infection with WEE, EEE, SLE,
POW, LAC, and CTF viruses, as one may do with other
viruses. Numerous serologic surveys have demonstrated
that human populations in areas of endemicity have low,
moderate, or high prevalence of antibody to certain arbovi-
ruses. Further, in many geographic areas some of these
viruses occur sympatrically: WEE and SLE and CAL vi-
ruses, EEE and SLE and CAL viruses, or WEE (or EEE)
and SLE and POW viruses. Finding antibody to any of them
cannot be taken as absolute evidence of an association of the
current illness with the particular virus to which antibody is
detected or, except for antibody to CTF virus, even with a
member of that serogroup, for example, antibody to the
apparent human nonpathogen Highlands J alphavirus in the
eastern United States and Canada. Occasionally, single
serological determinations may be taken to be provisionally
diagnostic, such as in rabies (when the patient has not
received immune prophylaxis), EEE, and AIDS, because
seropositivity is unusual and strongly associated with symp-
tomatic illness.

The differential diagnosis of LAC virus infection, particu-
larly LAC encephalitis, usually is based on the constellation
of signs and symptoms manifested, the season of the year,
the patient’s age, and the geographic area of residence or
travel. Acute viral meningoencephalitides that must be ex-
cluded are those caused by SLE, herpes, measles, mumps,
and enteroviruses, as well as acute CNS infections caused
by bacteria and other infectious agents; other confounding
possibilities, as noted above, must be considered.

A history of tick exposure, knowledge of a patient being
fed on by ticks (90% of patients recall having had an attached
tick or having seen a tick crawling on their body or clothing
[104]), or early clinical signs and symptoms may provide
preliminary evidence that the patient has CTF or Rocky
Mountain spotted fever. However, the characteristics of the
rash and the progression of the illness, as well as the
presence of leukocytosis, distinguish Rocky Mountain spot-
ted fever from CTF. Other diseases with which CTF might
be confused are tick-borne tularemia, relapsing fever, and
acute rheumatic fever. Differential diagnosis from these
infections is important because CTF is not treatable with
antibiotics. An algorithm for the differential diagnosis and
management of CTF has been presented (71).
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CONTROL AND TREATMENT

Over the past 50 years, active groups of innovative and
insightful researchers at the University of California, Rock-
efeller Foundation, Yale University, CDC, U.S. Army, U.S.
Department of Agriculture, University of Notre Dame,
University of Wisconsin, Rutgers University, and other
institutions have succeeded in enhancing the development of
our understanding of arboviral diseases, the virus vectors,
and the ecosystems in which these viruses and diseases are
found (163, 165, 189, 190). It is impossible to summarize here
even a small portion of the available literature on the natural
history of the mosquito and tick vectors of arboviruses in
North America. As summarized by Eldridge (83), strategies
for surveillance, prevention, and control are now available
and being applied, but methods of prediction of outbreaks
are still imprecise. Well-organized, well-funded, routine
mosquito abatement remains the most effective method of
preventing human infections caused by mosquito-borne vi-
ruses, although emergency methods are employed when
outbreaks are imminent or in progress. Eldridge encourages
developing better information management systems, apply-
ing newer sampling theory, and continuing research on
vector-host interactions to improve accuracy of outbreak
prediction. Recommendations recently published by the
CDC may provide guidelines for uniform arbovirus surveil-
lance systems in the United States (173).

In California, better irrigation management has consider-
ably reduced vector mosquito populations. Also in Califor-
nia, a correlation has been shown between increased use of
air-conditioning and television viewing during peak Cx.
tarsalis activity periods and decreased attack rates of WEE
and SLE (98). This correlation also seems to be true in
Florida, where Cx. nigripalpus is the SLE virus vector.
People are staying indoors with windows closed during
summer evenings, instead of sitting outdoors being bitten by
mosquitoes. Surely, expanded education programs can pro-
mote other changes in behavior and help protect people from
vector-borne diseases and complement existing vector con-
trol programs. In the case of LAC virus, removing or
punching holes in discarded automobile tires and filling tree
holes with cement have been shown to reduce Ae. triseriatus
populations by limiting breeding sites (185).

Vector control measures include spraying or fogging in-
secticides (larvicides and adulticides) from the air or by
ground equipment and reducing or altering habitat (source
reduction). In many areas these measures are being supple-
mented by surveillance programs intended to provide early
warning of virus activity. For WEE, EEE, and SLE, blood
samples are collected from penned or caged sentinel birds
(usually young chickens) or wild birds and tested for anti-
body; mosquitoes are collected and tested for virus. Increas-
ing prevalence of antibody in birds before and during months
of expected virus activity is taken to indicate a buildup of
infection and the need for increased vector control. Sentinel
studies in New Jersey, however, indicate that, in the case of
EEE, chickens alone may not suffice because the virus may
“leap”’ the supposed sentinel in favor of other birds (67; see
above, Epidemiology). Clearly, no single surveillance sys-
tem may be adequate between ecologic zones or for different
viruses.

When prevention efforts fail and human infections occur,
it is up to the clinician to make the proper differential
diagnoses and symptomatically treat the patients. At
present, there is no specific antiviral therapy for any of the
arboviruses covered in this review. Therapeutic efforts (70)
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are directed towards managing symptoms, such as reducing
fever, maintaining hydration and electrolyte balance, assur-
ing adequate respiratory function, administering anticonvul-
sants (phenobarbital or diazepam), giving osmotic diuretics
to decrease intracranial pressure, and providing physical
therapy as may be indicated. Because person-to-person
transmission does not occur with these viruses, containment
barriers are not necessary, but care should be taken in
handling tissues and body fluids because they may contain
virus and laboratory infections can happen. Patients with
neurologic sequelae should be evaluated for rehabilitation
programs or follow-up care.

Although corticosteroids and similar compounds have
immunosuppressive capacities, uncontrolled trials of com-
bined steroid, barbiturate, and hyperventilation have pro-
vided promising results; such combinations require further
trials. Amantadine, rimantidine, chloroquine, selanazofurin,
tiazofurin, and many other compounds have been shown to
have antialphaviral and antiflaviviral activities and to inter-
fere with the replication of other viruses in vitro or in
laboratory animals. However, none of these drugs has
undergone trials in humans, and none is licensed for human
use.

Patients with mild cases of LAC virus infection can be
treated symptomatically to reduce fever, headache, nausea,
and vomiting (74). Treatment may include use of intravenous
fluids in slightly reduced amounts to minimize the risk of
symptomatic cerebral edema. This feature of treatment of
LAC virus underscores the need for appropriate differential
diagnosis. For the agitated or delirious child, sedation may
be appropriate. Notwithstanding this recommendation, it is
also important to observe the child’s neurologic status;
minimizing stimulation of the patient may be as useful as
sedation. Major therapeutic concerns in cases of LAC en-
cephalitis are management of seizures and increased intra-
cranial pressure. Measurements of blood glucose, calcium,
and blood urea nitrogen are important in determining sec-
ondary causes of seizures. Management of seizures includes
maintenance of adequate ventilation and blood pressure.
Phenobarbital and phenytoin have been used to reduce
relatively moderate seizures. When patients have prolonged
convulsions (longer than 30 min) or status epilepticus (gen-
eralized convulsive seizure lasting more than an hour or
repetitive convulsive seizures between which the patient
does not regain consciousness), a more aggressive approach
has been recommended (74). This includes simultaneous
administration of diazepam and phenytoin.

Education is the best defense. People should be aware of
the arthropod-borne diseases in their home areas and in the
areas they visit and learn to avoid contact with suspected
vectors during the transmission season. Mosquitoes gener-
ally have preferred feeding periods; avoid their habitats at
such times. Control mosquitoes in the immediate vicinity
and use repellents. To avoid ticks, stay out of woods where
infected ticks are common and stay on recommended paths;
wear adequate clothing to minimize exposed skin and trou-
sers with close-fitting cuffs tucked into socks; treat clothes
with insecticides or acaricides; and use repellents and insec-
ticides as sprays, lotions, or solid bars according to the
manufacturer’s directions.

Vaccines for preexposure prophylaxis are available for
WEE, EEE, and VEE viruses but not for SLE, POW, LAC,
or CTF virus. WEE and EEE vaccines have been used
successfully for both humans and equids. EEE vaccine has
also been used to protect pen-raised, ring-necked pheasants
along the eastern seaboard and lately for whooping cranes
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(65). However, none of these vaccines is available for
general human use; they are accessible only through the
U.S. Army to laboratory workers and others at particular
risk. In view of the low attack rate for EEE, and low
morbidity rate of WEE, their use for the general public
would be impractical. Annual revaccinations are required for
those given WEE and EEE virus vaccines (made with
inactivated virus), but a single dose of live-attenuated VEE
TC-83 vaccine is sufficient to protect most humans and
horses for life. However, as shown by essentially anecdotal
studies of a few humans and by laboratory studies in mice
(88), vaccination with strain TC-83 does not elicit antibody
to heterologous VEE virus subtypes and varieties and does
not cross-protect against accidental infection with other
VEE viruses or against challenge with other VEE viruses. It
is known from both field observations and experimental
studies that preexisting antibody to WEE, EEE, or both may
interfere with VEE TC-83 vaccine efficacy in equids and
with challenge by equine-virulent VEE virus in equids (48,
242); whether this is true in humans has not been adequately
evaluated. Because an unacceptable 15 to 30% of people
vaccinated with VEE TC-83 become viremic, shed virus
from the pharynx, and have mild to severe febrile responses
(241), an inactivated VEE virus vaccine which appears to
have fewer side effects but may not protect against aerosol
exposure to virulent VEE virus has been developed for
humans (123). A recombinant vaccine for both humans and
equids is also being developed (133), but it, too, does not
appear to protect against accidental aerosol exposure to
VEE viruses.

LABORATORY DIAGNOSIS

Specific, or at least provisional, diagnosis of an arboviral
infection is important for the community as well as for the
patient. Whole blood, serum, or tissue samples taken for
virus isolation attempts should be processed immediately or
placed on dry ice (—70°C) or otherwise suitably frozen until
they can be tested. Although for antigen detection this may
not be a critical issue, it is reasonable to ship and store
specimens for this purpose at low temperatures to prevent
further degradation of proteins and RNAs. When serum
samples are to be tested for antibody only, they can be
shipped and stored at ambient temperatures, unless they are
contaminated with microorganisms or will be in transit for
long periods.

Serologic conversion from a negative or low titer to a
positive or high titer is most often used for confirmatory
diagnosis. Because a person can be infected and seroconvert
to a virus without becoming ill, identifying a virus isolated
from the patient is a more dependable basis for laboratory
confirmation of a specific infection. However, viremias in
arbovirus infections usually are brief, being quenched by
antibody at or before the time of onset of illness, and the
probability of obtaining a virus isolate from patient blood is
not high, with the exception of CTF virus. Because WEE,
EEE, SLE, POW, and LAC viruses are rarely or never
obtained from blood, isolation of these viruses is not at-
tempted as an integral part of routine diagnosis; postmortem
brain may be a source of isolates of WEE, EEE, SLE, POW,
and LAC viruses. If an isolate is obtained, various methods
are available for its identification. It should be noted that
special safety precautions are recommended for arboviruses;
work with specimens that might contain these viruses is best
left to those who have relevant experience and suitable,
secure working facilities (2, 129).
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Electron microscopy can be used at an early stage of virus
identification, allowing placement of the isolate into a par-
ticular virus family and thus greatly facilitating or making
unnecessary subsequent characterization (determination of
size, species of nucleic acid, ether or sodium deoxycholate
sensitivity, pH stability, and spectrum of animal or cell
culture sensitivity). Detection of viral antigen by immuno-
fluorescence or enzyme-linked immunosorbent assay
(ELISA) (9, 115, 116, 203, 205-207) and detection and
identification of viral RNA by nucleic acid hybridization or
PCR have replaced the classical methods of hemagglutina-
tion inhibition (66) and complement fixation (56) in many
laboratories and are used for both diagnosis (in humans and
equids) and surveillance (virus detection in field-collected
arthropods). Virus antigen or nucleic acid is detected either
directly in the infected specimen or after amplification in
laboratory animals, vertebrate or mosquito cell cultures, or
live mosquitoes (197) inoculated with material suspected to
contain virus. Various cell cultures from vertebrates (Vero,
LLCMK2, BHK-21, baby hamster kidney, chicken embryo,
duck embryo) and invertebrates (C6/36, AP-61, and TR-248
cells from Ae. albopictus, Aedes pseudoscutellaris, and
Toxorhynchites amboinensis mosquitoes, respectively) are
susceptible to arboviruses; POW and CTF viruses do not
replicate in mosquito cells.

Direct immunofluorescence, with a battery of polyclonal
or monoclonal antibodies, has been used to detect viral
antigen in thin sections of patient tissue; indirect immuno-
fluorescence also uses polyclonal or monoclonal antibodies
but requires the additional use of anti-species antibody.
Nevertheless, the latter is a more widely used test because of
its flexibility (169). ELISA depends on reactions between
viral antigens and antibodies to them (for example, those
prepared in mice) and then uses an enzyme-labelled reporter
antibody (continuing example, anti-mouse) to demonstrate
those reactions. Antigen capture ELISA, employing highly
avid and specific antibody, is used routinely in some labora-
tories. The use of ELISA for detecting antigen in clinical
specimens requires construction of a sensitive and specific
immunoassay utilizing the most appropriate combination of
capture and detecting antibodies, enzyme, and substrate and
optimal conditions of incubation. Nucleic acid hybridization
can be used to detect viral nucleic acid in situ, the results
providing information about the localization and distribution
of viral sequences (17). A synthetic oligonucleotide corre-
sponding to a region of a consensus nucleotide sequence is
prepared. Extracted viral RNA or patient or arthropod tissue
suspected to contain viral nucleic acid is denatured, fixed to
nylon membranes, baked, and hybridized with the probe.
Although not yet in routine use, numerous probes are being
developed for nucleic acid hybridization, but this technique
still is experimental. Its diagnostic efficacy remains to be
determined, but indications are that it will become a pre-
ferred technique in the near future.

The intent of PCR assays is to select a segment of the viral
gene sequence, reverse transcribe it with reverse tran-
scriptase, amplify the resulting cDNA, and detect the am-
plified product. Provided that at least part of the gene
sequence of the virus is known, PCR can be used to detect
the RNA of that virus (143). PCR is exquisitely specific and
sensitive. It detects fewer than 100 viral genome equivalents,
can be adapted to specific experimental ends, and can be
used to detect arboviral RNA in human serum and tissues as
well as in mosquitoes, ticks, and other arthropods even
when infectious virus is not present or cannot be isolated.
Furthermore, it can be designed to analyze viral genomes
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and, thereby, provide information about the molecular epi-
demiology and evolution of arboviruses isolated during
epidemics or by routine surveillance (60, 251), and it does
not require radioisotopes. Its high sensitivity allows rapid
(1-day) detection of minute amounts of virus genome; spec-
ificity depends on that of the primers used to detect the
amplified product. Significant progress is being made in
converting PCR from an experimental tool to a routine
diagnostic one. As would be expected with such a sensitive
system, PCR must be done with great care to avoid contam-
ination that might give false-positive results; appropriate
reagent, equipment, and space controls also are critical.

No matter whether immunofluorescence, nucleic acid
hybridization, PCR, or any of a number of other sophisti-
cated techniques is used for detecting viruses, specific
identifications still are done by using neutralization tests.
Such tests can be virus or serum dilution (148) neutraliza-
tion, in cell cultures when possible (51) or in laboratory
animals, usually suckling mice (16). Specific identifications
of viruses are useful not only for identification of an etiologic
agent but also for better understanding of molecular epide-
miology and virus evolution.

Type-specific antigens (polypeptides) and antibodies (re-
actant against glycoproteins and nucleocapsids) can be used
as reagents for identifying arboviruses. For rapidly deter-
mining virus identity, group-specific and complex-specific
monoclonal antibodies to arboviruses are available from
arbovirus reference centers, and type-specific and variant-
specific monoclonal antibodies to many individual arbovi-
ruses, i.e., WEE, North and South American varieties of
EEE, vaccine-type and wild-type VEE, and LAC viruses,
are available from various research laboratories (103, 121,
193, 194, 257). For final identification, an antiserum also is
prepared against the isolate and cross-tested against refer-
ence antigens and viruses of the serogroup to which the
isolate belongs. Ultimate definitive determination of geno-
typic variation can only be done by genomic analysis (oligo-
nucleotide fingerprinting, gene sequencing, and protein se-
quencing).

Infection with WEE, EEE, SLE, POW, LAC, and CTF
viruses leads to production of IgM, IgG, and, probably, IgA
antibodies. These can be detected by hemagglutination inhi-
bition (66), complement fixation (56), neutralization (148), or
any of a great variety of other assays, including dot ELISA
(22, 183), gel diffusion, immunoelectrophoresis, radioimmu-
noassay, hemadsorption-immunosorbence, and many other
techniques too numerous to list here. Some have been used
to advantage in limited studies but have not yet been applied
to a large number of the arboviruses and therefore are not
discussed further.

As detected by IgM antibody capture ELISA
(MACELISA), IgM antibody to each of these viruses cross-
reacts with heterologous viruses of the same group but is
most reactive with other viruses of the same antigenic
complex (36, 37, 44, 47, 170, 196). For example, IgM
antibody from patients with LAC virus infection has highest
titers to LAC virus itself, but it also reacts to a lesser extent
with snowshoe hare virus and to a still lesser extent with
Jamestown Canyon virus. Of course, it does not react at all
with WEE, EEE, SLE, POW, or CTF virus (35).

IgM antibody in infections caused by WEE, EEE, SLE,
and LAC viruses is almost always present on the day of
onset of illness, an interesting observation and a critical
diagnostic issue. Thereafter, IgM antibody peaks 2 to 3
weeks after onset but persists at high levels for at least 2
months. IgM antibody to CTF virus, on the other hand, is
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not detected until 1 or 2 weeks after the onset of illness (46).
IgG antibody to CTF virus also appears relatively soon after
onset but, unlike IgM, persists for many months or years
after the illness or may persist for life.

Various tests simply detect IgM and IgG antibodies in
different configurations. Because of the persisting nature of
IgG antibody, detecting IgG antibody to a given virus in a
serum sample from an acutely ill, a convalescing, or a
recovered patient cannot alone be used as evidence of
current infection with that virus. Indeed, because IgG anti-
body is so highly cross-reactive (and could be due to
immunization with WEE and EEE vaccines), such a finding
cannot even be used as concrete evidence of infection with
that virus at any time in the past. Alternatively, because of
the ephemeral nature of IgM antibody, detecting IgM anti-
body to a given virus in a serum sample from an acutely ill,
a convalescing, or a recovered patient is at least provisional
evidence of infection with that virus.

Other insights into arboviral infections also can be gath-
ered from studies of IgM antibody presence or absence and
persistence. For example, Burke et al. (30), in a study of
fatal outcomes with Japanese encephalitis flavivirus, have
shown a constellation of findings that correlated with a fatal
outcome: low levels of Japanese encephalitis virus-specific
IgM and IgG in both CSF and serum, infectious virus in
CSF, and a severely depressed sensorium. Neither age, sex,
days ill before admission, distance from home to the hospi-
tal, past medical history, CSF protein content, nor CSF
leukocyte count was a significant risk factor. These workers
concluded that, among patients hospitalized for acute Japa-
nese encephalitis, a vigorous virus-specific IgM response,
both systemically and locally within the CNS, is a good
marker for survival and may be an inherently important
factor in recovery from illness.

At present, and for the foreseeable future, the
MACELISA is the serodiagnostic test of choice for deter-
mining recent human, equine (42), or avian (28, 38) infec-
tions with arboviruses (if confirmed by neutralization tests)
and, under the pressures of an epidemic, may be applied to
single serum or CSF samples for making provisional serodi-
agnoses. MACELISA has the distinct advantage of being
able to provide clinicians with relevant results within a
matter of hours, rather than days or weeks as with most
other techniques. Nevertheless, whereas it might be accept-
able to consider MACELISA-positive sera as presumptive
evidence of recent infection during such a situation, in all
such instances, supportive epidemiological information must
be obtained and attempts must be made to obtain additional
serum specimens.

A serologically confirmed infection with a virus requires
demonstration of a significant (fourfold or greater) increase
or decrease in antibody titer between paired acute-phase and
convalescent-phase serum samples collected days to weeks
apart. A serologically presumptive infection is one in which
only an acute-phase serum is available, but that serum
contains IgM antibody to the virus in question and it is
negative or shows only very low titer to this virus by other
assays, including those for IgG antibody; often, collecting
and testing another serum sample later in the illness reveal
antibody of sufficient titer to allow shifting the ‘‘presump-
tive’> designation to ‘“‘confirmed.” A definition of inconclu-
sive is a temporizing one; only an acute-phase sample is
available, and that serum contains no IgM antibody and it is
negative or has a very low titer to this virus by other
methods. Any other results should be considered negative.

Whereas IgM antibody usually begins to decline a few
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weeks or a few months after onset of illness, a minority of
patients have prolonged IgM antibody responses, limiting
somewhat the value of these assays as a measure of very
recent infection. For example, Beaty et al. (18) demon-
strated the persistence of IgM antibody in patients who had
been diagnosed up to 7 years previously with LAC enceph-
alitis. Thus, the presence of IgM class antibody in a patient
with an illness clinically compatible with that of one of the
arboviruses is, in itself, not confirmatory of such an infec-
tion. As mentioned above, certain arboviruses may occur
sympatrically in North America. Antibody to one of these
viruses does not provide clear-cut evidence for infection
with that virus but may reflect infection with a related virus.
Obviously, this is not the case with antibody to CTF virus.
When antibody to one virus is detected by screening only
with that antigen, additional tests are necessary.

Antibody reagents, assistance in preparing such antibod-
ies, and additional information can be obtained from any of
the World Health Organization Centers for Arbovirus Ref-
erence and Research. The World Reference Center is the
Yale Arbovirus Research Unit, Yale University, New Ha-
ven, Conn.; the reference center for the Americas is at the
CDC, Fort Collins, Colo.

Exotic arbovirus infections have been diagnosed on a
number of occasions in travelers returning to the United
States or Canada. Some are mentioned here to alert clini-
cians who might encounter them. In 1990, 102 cases of
imported dengue were reported from 24 states in the United
States and the District of Columbia; of these, 24 were
serologically or virologically confirmed as dengue. In 1991,
82 cases (25 laboratory diagnosed) of imported dengue were
reported in 27 states of the United States and the District of
Columbia (3). In 84 overseas travelers from six provinces of
Canada (8), diagnostic seroconversion was documented in 1
to chikungunya virus and in 83 to ‘‘flavivirus,”” most of
which were due to a dengue virus. Also in recent years, an
American serviceman returned from Asia with Japanese
encephalitis, another travelled to Germany infected with
CTF virus, cockpit personnel of an international airline
flying from Polynesia may have introduced dengue-3 virus to
the Caribbean, and Jamaicans returning from West Africa
brought back dengue-1 virus. Introduction of the last virus to
this hemisphere may have set off the chain of events that led
to the first, and devastating, occurrence of dengue hemor-
rhagic fever-dengue shock syndrome in the Western Hemi-
sphere (139). Following an epidemic of dengue-1 in Jamaica,
an island-wide epidemic of this virus occurred in Cuba in
1977. Then, in 1981, Cuba experienced an epidemic of
dengue-2 (probably brought from Viet Nam), and immune
enhancement brought about by prior infection with dengue-1
virus likely elicited hemorrhagic fever with shock. The
epidemiology of this experience has not been well docu-
mented, but the political repercussions were severe.

Many more viruses, including yellow fever virus, have the
potential for such introduction, and many, including yellow
fever virus, could arrive from South America or Africa. It is
incumbent on clinicians in travel clinics, public and private
hospitals in large urban centers, and private practices to
recognize the possibility of attending such a patient and to
take a complete travel history.

A final consideration in a similar vein is the following: in
both the United States and Canada, scores of different
viruses have been isolated but are not known to be human
pathogens or are known to cause the rare case of febrile
illness, meningitis, or encephalitis. Perhaps further study
will show that some of them are of medical importance. For
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instance, Cache Valley virus, a mosquito-borne arbovirus of
the United States and Canada and once thought to be
insignificant, has recently been implicated in an outbreak of
congenital malformations in sheep in Texas in 1987 (62) and
preliminarily associated with congenital defects in humans
(49). It seems that the arbovirus story in North America has
not yet unfolded.

ACKNOWLEDGMENTS

I thank Harvey Artsob, Zoonotic Diseases, Bureau of Microbiol-
ogy, Laboratory Centres for Disease Control, Ottawa, Ontario,
Canada; Grant L. (Roy) Campbell and Robert B. Craven, Division
of Vector-Borne Infectious Diseases, CDC, Fort Collins, Colo.;
Patrick S. Moore, CDC, Ft. Collins, Colo.; and Wayne J. Crans,
Mosquito Research and Control, Rutgers University, New Bruns-
wick, N.J., for reviewing the manuscript, for making necessary
corrections and useful additions, for sharing unpublished data, and
for allowing me to cite them. The useful comments and assistance of
an anonymous reviewer are also appreciated. Finally, I thank Roy
W. Chamberlain for his insightful suggestions and meticulous edit-
ing, without which the manuscript would have been unreadable and
unacceptable.

REFERENCES

1. Anderson, B. A. 1984. Focal neurologic signs in western equine
encephalitis. Can. Med. Assoc. J. 130:1019-1021.

2. Anonymous. 1988. Biosafety in microbiological and biomedical
laboratories, 2nd ed. U.S. Department of Health and Human
Services HHS Publication (NIH) 88-8395. U.S. Government
Printing Office, Washington, D.C.

3. Anonymous. 1993. Dengue surveillance summary, vol. 66, p.
1-2. Centers for Disease Control, Public Health Service, U.S.
Department of Health and Human Services, San Juan, Puerto
Rico.

4. Anonymous. 1993. Arbovirus surveillance summary, no. 3 (13
August). Centers for Disease Control, Public Health Service,
U.S. Department of Health and Human Services, Fort Collins,
Colo.

5. Artsob, H. 1983. Distribution of California serogroup viruses
and virus infections in Canada, p. 277-290. In C. H. Calisher
and W. H. Thompson (ed.), California serogroup viruses.
A. R. Liss, Inc., New York.

6. Artsob, H. 1989. Powassan encephalitis, p. 29-49. In T. P.
Monath (ed.), The arboviruses: epidemiology and ecology, vol.
IV. CRC Press, Boca Raton, Fla.

7. Artsob, H. (Zoonotic Diseases, Bureau of Microbiology, Labo-
ratory Centre for Disease Control, Ottawa, Ontario, Canada).
1993. Personal communication.

8. Artsob, H., and L. Spence. 1991. Imported arbovirus infections
in Canada 1974-89. Can. J. Infect. Dis. 2:95-100.

9. Artsob, H., L. Spence, F. Bishai, L. Kurjanczyk, and L. Sekla.
1987. Amplified ELISA for the detection of western equine
encephalitis virus from mosquitoes in Manitoba, Canada. J.
Virol. Methods 18:233-242.

10. Artsob, H., L. P. Spence, C. H. Calisher, L. H. Sekla, and R. A.
Brust. 1985. Isolation of California encephalitis serotype from
mosquitoes collected in Manitoba, Canada. J. Am. Mosq.
Control Assoc. 1:257-258.

11. Aviles, G., M. S. Sabattini, and C. J. Mitchell. 1992. Transmis-
sion of western equine encephalomyelitis virus by Argentine
Aedes albifasciatus (Diptera: Culicidae). J. Med. Entomol.
29:850-853.

12. Ayres, J. C., and R. F. Feemster. 1949. The sequelae of eastern
equine encephalomyelitis. N. Engl. J. Med. 240:960-962.

13. Bailey, C. L., B. F. Eldridge, D. E. Hayes, D. M. Watts, R. F.
Tammariello, and J. M. Dalrymple. 1978. Isolation of St. Louis
encephalitis virus from overwintering Culex pipiens mosqui-
toes. Science 199:1346-1349.

14. Bardos, V. 1969. On the pathogenesis of California complex
virus infections, p. 229-236. In V. Bardos (ed.), Arboviruses of
the California complex and the Bunyamwera group. Slovak



VoL. 7, 1994

15.
16.

17.

18.

19.

20.

21.

22.

24.

25.

26.

27.

29.

30.

31.

32.

33.

34.

Academy of Science, Bratislava.

Beaty, B. J., and D. H. Bishop. 1988. Bunyavirus-vector
interactions. Virus Res. 10:289-301.

Beaty, B. J., C. H. Calisher, and R. E. Shope. Arboviruses. In
E. H. Lennette (ed.), Diagnostic procedures for viral, rickett-
sial and chlamydial infections, 7th ed., in press. American
Public Health Association, Washington, D.C.

Beaty, B. J., L. J. Chandler, D. H. L. Bishop, and D. C. Ward.
1985. Detection of La Crosse virus nucleic acid by hybridiza-
tion in situ using a biotinylated cDNA probe. Virus Res.
1(Suppl.):75.

Beaty, B. J., T. L. Jamnback, S. W. Hildreth, and K. L. Brown.
1983. Rapid diagnosis of LaCrosse virus infections: evaluation
of serologic and antigen detection techniques for the clinically-
relevant diagnosis of LaCrosse encephalitis, p. 293-302. In
C. H. Calisher and W. H. Thompson (ed.), California sero-
group viruses. A. R. Liss, Inc., New York.

Beaty, B. J., B. R. Miller, R. E. Shope, E. J. Rozhon, and
D. H. L. Bishop. 1982. Molecular basis of bunyavirus per os
infection of mosquitoes: role of the middle-sized RNA seg-
ment. Proc. Natl. Acad. Sci. USA 79:1295-1297.

Beaty, B. J., D. W. Trent, and J. T. Roehrig. 1989. Virus
variation and evolution: mechanisms and epidemiological sig-
nificance, p. 59-85. In T. P. Monath (ed.), The arboviruses:
epidemiology and ecology, vol. I. CRC Press, Boca Raton,
Fla.

Becker, F. E. 1930. Tick-borne infections in Colorado. II. A
survey of occurrence of infections transmitted by the wood
tick. Colo. Med. 27:87-95.

Boctor, F. N., C. H. Calisher, and J. B. Peter. 1989. Dot-
ELISA for serodiagnosis of human infections due to Western
equine encephalitis virus. J. Virol. Methods 26:305-311.

. Bodkin, D. K., and D. L. Knudson. 1987. Genetic relatedness

of Colorado tick fever virus isolates by RNA-RNA blot hybrid-
ization. J. Gen. Virol. 68:1199-1204.

Borden, E. C., R. E. Shope, and F. A. Murphy. 1971. Physico-
chemical and morphological relationships of some arthropod-
borne viruses to bluetongue virus—a new taxonomic group.
Physicochemical and serological studies. J. Gen. Virol. 13:
261-271.

Bowen, G. S. 1989. Colorado tick fever, p. 159-176. In T. P.
Monath (ed.), The arboviruses: epidemiology and ecology, vol.
II. CRC Press, Boca Raton, Fla.

Bowen, G. S., T. P. Monath, G. E. Kemp, J. H. Kerschner, and
L. J. Kirk. 1980. Geographic variation among St. Louis en-
cephalitis virus strains in the viremia responses of avian hosts.
Am. J. Trop. Med. Hyg. 29:1411-1419.

Brinker, K. R., and T. P. Monath. 1980. The acute disease, p.
503-534. In T. P. Monath (ed.), St. Louis encephalitis. Amer-
ican Public Health Association, Washington, D.C.

. Broom, A. K., J. Charlick, S. J. Richards, and J. S. Mackenzie.

1987. An enzyme-linked immunosorbent assay for detection of
flavivirus antibodies in chicken sera. J. Virol. Methods 15:1-9.
Brown, S. E., B. R. Miller, R. G. McLean, and D. L. Knudson.
1989. Co-circulation of multiple Colorado tick fever virus
genotypes. Am. J. Trop. Med. Hyg. 40:94-101.

Burke, D. S., W. Lorsomrudee, C. J. Leake, C. H. Hoke, A.
Nisalak, V. Chongswasdi, and T. Laorakpongse. 1985. Fatal
outcome in Japanese encephalitis. Am. J. Trop. Med. Hyg.
34:1203-1210.

Burgdorfer, W., and C. M. Eklund. 1959. Studies on the
ecology of Colorado tick fever virus in western Montana. Am.
J. Hyg. 69:127-137.

Burton, A. N., and J. McLintock. 1970. Further evidence of
western encephalitis infection in Saskatchewan mammals and
birds and in reindeer in northern Canada. Can. Vet. J. 11:232—
235.

Burton, A. N., J. McLintock, and J. G. Rempel. 1966. Western
equine encephalitis virus in Saskatchewan garter snakes and
leopard frogs. Science 154:1029-1031.

Calisher, C. H. 1983. Taxonomy, classification, and geographic
distribution of California serogroup bunyaviruses, p. 1-16. In
C. H. Calisher and W. H. Thompson (ed.), California sero-

3s.
36.

37.

38.

39.

41.

42.

43.

45.

47.

49.
50.

51.

ARBOVIRUSES 111

group viruses. A. R. Liss, Inc., New York.

Calisher, C. H. Unpublished data.

Calisher, C. H., V. P. Berardi, D. J. Muth, and E. E. Buff.
1986. Specificity of immunoglobulin M and G antibody re-
sponses in humans infected with eastern and western equine
encephalitis viruses: application to rapid serodiagnosis. J. Clin.
Microbiol. 23:369-372.

Calisher, C. H., A. O. El-Kafrawi, M. I. A.-D. Mahmud,
A. P. A. Travassos da Rosa, C. R. Bartz, M. Brummer-
Korvenkontio, S. Haksohusodo, and W. Suharyeno. 1986. Com-
plex-specific immunoglobulin M antibody patterns in humans
infected with alphaviruses. J. Clin. Microbiol. 23:155-159.
Calisher, C. H., H. N. Fremount, W. L. Vesely, A. O. El-
Kafrawi, and M. I. Mahmud. 1986. Relevance of detection of
immunoglobulin M antibody response in birds used for arbo-
virus surveillance. J. Clin. Microbiol. 24:770-774.

Calisher, C. H., N. Karabatsos, J. P. Foster, M. Pallansch, and
J. T. Roehrig. 1990. Identification of an antigenic subtype of
eastern equine encephalitis virus isolated from a human. J.
Clin. Microbiol. 28:373-374.

. Calisher, C. H., N. Karabatsos, J. S. Lazuick, T. P. Monath,

and K. L. Wolff. 1988. Reevaluation of the western equine
encephalitis antigenic complex of alphaviruses (family Toga-
viridae) as determined by neutralization tests. Am. J. Trop.
Med. Hyg. 38:447-452.

Calisher, C. H., E. Levy-Koenig, C. J. Mitchell, F. A. Cabrera
P., L. Cuevas, and J. E. Pearson. 1979. Eastern equine enceph-
alitis in the Dominican Republic, 1978. Bull. Pan Am. Health
Organ. 13:380-390.

Calisher, C. H., M. 1. A.-D. Mahmud, A. O. El-Kafrawi, J. K.
Emerson, and D. J. Muth. 1986. Rapid and specific serodiag-
nosis of western equine encephalitis virus infection in horses.
Am. J. Vet. Res. 47:1296-1299.

Calisher, C. H., K. S. C. Maness, R. D. Lord, and P. H.
Coleman. 1971. Identification of two South American strains of
eastern equine encephalomyelitis virus from migrant birds
captured on the Mississippi Delta. Am. J. Epidemiol. 94:172—
178.

. Calisher, C. H., O. Meurman, M. Brummer-Korvenkontio,

P. E. Halonen, and D. J. Muth. 1985. Sensitive enzyme
immunoassay for detecting immunoglobulin M antibodies to
Sindbis virus and further evidence that Pogosta disease is
caused by a western equine encephalitis complex virus. J. Clin.
Microbiol. 22:566-571.

Calisher, C. H., T. P. Monath, C. J. Mitchell, M. S. Sabattini,
C. B. Cropp, J. Kerschner, A. R. Hunt, and J. S. Lazuick. 1985.
Arbovirus investigations in Argentina, 1977-1980. III. Identi-
fication and characterization of viruses isolated, including new
subtypes of western and Venezuelan equine encephalitis vi-
ruses and four new bunyaviruses (Las Maloyas, Resistencia,
Barranqueras, and Antequera). Am. J. Trop. Med. Hyg. 34:
956-965.

. Calisher, C. H., J. D. Poland, S. B. Calisher, and L. A.

Warmoth. 1985. Diagnosis of Colorado tick fever virus infec-
tion by enzyme immunoassays for immunoglobulin M and G
antibodies. J. Clin. Microbiol. 22:84-88.

Calisher, C. H., C. 1. Pretzman, D. J. Muth, M. A. Parsons, and
E. D. Peterson. 1986. Serodiagnosis of La Crosse virus infec-
tions in humans by detection of immunoglobulin M class
antibodies. J. Clin. Microbiol. 23:667-671.

. Calisher, C. H., D. R. Sasso, and G. E. Sather. 1973. Possible

evidence for interference with Venezuelan equine encephalitis
virus vaccination of equines by pre-existing antibody to east-
ern or western equine encephalitis virus, or both. Appl.
Microbiol. 26:485-488.

Calisher, C. H., and J. L. Sever. Unpublished data.

Calisher, C. H., R. E. Shope, W. Brandt, J. Casals, N.
Karabatsos, F. A. Murphy, R. B. Tesh, and M. E. Wiebe. 1980.
Proposed antigenic classification of registered arboviruses. 1.
Togaviridae, Alphavirus. Intervirology 14:229-232.

Calisher, C. H., R. E. Shope, and T. E. Walton. 1988. Appli-
cation of cell cultures to diagnosis of arbovirus infections of
livestock and wildlife. J. Tissue Culture Methods 11:157-163.



112

52

53.

54.
55.
56.

57.

58.

59.

61.

62.

63.

65.

66.

67.

69.

70.

71.

72.

73.

74.

CALISHER

. Calisher, C. H., and W. H. Thompson (ed.). 1983. California
serogroup viruses. A. R. Liss, Inc., New York.

Casals, J. 1960. Antigenic relationship between Powassan and
Russian Spring Summer encephalitis viruses. Can. Med. As-
soc. J. 82:355-358.

Casals, J. 1964. Antigenic variants of eastern equine encepha-
litis virus. J. Exp. Med. 119:547-565.

Casals, J., and L. V. Brown. 1954. Hemagglutination with
arthropod-borne viruses. J. Exp. Med. 99:429-449.

Casey, H. L. 1965. Standardized diagnostic complement fixa-
tion method and adaptation to micro test. II. Adaptation of
LBCF method to micro technique. CDC Public Health
Monogr. 74:1-34.

Centers for Disease Control. 1991. Eastern equine encephali-
tis—Florida, eastern United States, 1991. Morbid. Mortal.
Weekly Rep. 40:533-535.

Chamberlain, R. W. 1980. History of St. Louis encephalitis, p.
3-61. In T. P. Monath (ed.), St. Louis encephalitis. American
Public Health Association, Washington, D.C.

Chang, G. J., and D. W. Trent. 1987. Nucleotide sequence of
the genome region encoding the 26S mRNA of eastern equine
encephalomyelitis virus and the deduced amino acid sequence
of the viral structural proteins. J. Gen. Virol. 68:2129-2142.

. Chen, W.-R., R. Rico-Hesse, and R. B. Tesh. 1992. A new

genotype of Japanese encephalitis virus from Indonesia. Am.
J. Trop. Med. Hyg. 47:61-69.

Chun, R. W. M. 1983. Clinical aspects of La Crosse encepha-
litis: neurological and psychological sequelae, p. 193-201. In
C. H. Calisher and W. H. Thompson (ed.), California sero-
group viruses. A. R. Liss, Inc., New York.

Chung, S. 1., C. W. Livingston, Jr., C. W. Jones, and E. W.
Collisson. 1991. Cache Valley virus infection in Texas sheep
flocks. J. Am. Vet. Med. Assoc. 199:337-340.

Cimolai, N., C. M. Anand, G. J. Gish, C. H. Calisher, and D. B.
Fishbein. 1988. Human Colorado tick fever in southern Al-
berta. Can. Med. Assoc. J. 139:45-46.

. Clark, G. G., C. L. Crabbs, C. L. Bailey, C. H. Calisher, and

G. B. Craig, Jr. 1986. Identification of Aedes campestris from
New Mexico: with notes on the isolation of western equine
encephalitis and other arboviruses. J. Am. Mosq. Control
Assoc. 2:529-534.

Clark, G. G, F. J. Dein, C. L. Crabbs, J. W. Carpenter, and
D. M. Watts. 1987. Antibody response of sandhill and whoop-
ing cranes to an eastern equine encephalitis virus vaccine. J.
Wildl. Dis. 23:539-544.

Clarke, D. H., and J. Casals. 1958. Techniques for hemagglu-
tination and hemagglutination-inhibition with arthropod-borne
viruses. Am. J. Trop. Med. Hyg. 7:561-573.

Crans, W. J. 1986. Failure of chickens to act as sentinels
during an epizootic of eastern equine encephalitis in southern
New Jersey, USA. J. Med. Entomol. 23:626-629.

. Crans, W. J. (Cook College, Rutgers University, New Bruns-

wick, N.J.). 1993. Personal communication.

Crans, W. J., J. McNelly, T. L. Schulze, and A. Main. 1986.
Isolation of eastern equine encephalitis virus from Aedes
sollicitans during an epizootic in southern New Jersey. J. Am.
Mosq. Control Assoc. 2:68-72.

Craven, R. B. 1991. Togaviruses, p. 663-674. In R. B. Belshe
(ed.), Textbook of human virology. Mosby-Year Book, Inc.,
St. Louis.

Craven, R. B. 1991. Orbiviruses and other reoviruses, p.
713-718. In R. B. Belshe (ed.), Textbook of human virology.
Mosby-Year Book, Inc., St. Louis.

Craven, R. B., D. A. Eliason, D. B. Francy, P. Reiter, E. G.
Campos, W. L. Jakob, G. C. Smith, C. J. Bozzi, C. G. Moore,
G. O. Maupin, and T. P. Monath. 1988. Importation of Aedes
albopictus and other exotic mosquito species into the United
States in used tires from Asia. J. Am. Mosq. Control Assoc.
4:138-142.

Cruse, R. P., A. D. Rothner, G. Erenberg, and C. H. Calisher.
1979. Central European tick-borne encephalitis: an Ohio case
with history of foreign travel. Am. J. Dis. Child. 133:1070-1071.
Deering, W. M. 1983. Neurologic aspects and treatment of La

75.

76.

77.

78.

79.

81.

82.

83.

85.

86.

87.

88.

89.

91.
92.

93.
94.

95.

CLIN. MICROBIOL. REV.

Crosse encephalitis, p. 187-191. In C. H. Calisher and W. H.
Thompson (ed.), California serogroup viruses. A. R. Liss,
Inc., New York.

Deibel, R., T. D. Glanagan, and V. Smith. 1975. Central
nervous system infections in New York State: etiologic and
epidemiologic observations, 1974. N.Y. State Med. J. 75:2337.
Deibel, R., P. R. Grimstad, M. S. Mahdy, H. Artsob, and C. H.
Calisher. 1983. Jamestown Canyon virus: the etiologic agent of
an emerging human disease?, p. 313-325. In C. H. Calisher and
W. H. Thompson (ed.), California serogroup viruses. A. R.
Liss, Inc., New York.

Dein, F. J., J. W. Carpenter, G. G. Clark, R. J. Montali, C. L.
Crabbs, T. F. Tsai, and D. E. Docherty. 1986. Mortality of
captive whooping cranes caused by eastern equine encephalitis
virus. J. Am. Vet. Med. Assoc. 189:1006-1010.

Dickerman, R. W., F. P. Pinheiro, O. F. P. Oliva, J. R.
Travassos da Rosa, and C. H. Calisher. 1980. Eastern enceph-
alitis virus from virgin forests of northern Brazil. Bull. Pan
Am. Health Organ. 14:15-21.

Drewry, S. J., J. P. Sanford, J. P. Luby, R. H. Unger, and
N. M. Kaplan. 1969. Pathophysiology of epidemic St. Louis
encephalitis. II. Pituitary-adrenal function. Ann. Intern. Med.
71:691-702.

. Edman, J. D., and A. Spielman. 1989. Blood-feeding by vec-

tors: physiology, ecology, behavior, and vertebrate defense, p.
153-189. In T. P. Monath (ed.), The arboviruses: epidemiology
and ecology, vol. I. CRC Press, Boca Raton, Fla.

Eklund, C. M., G. M. Kohls, and J. M. Brennan. 1955.
Distribution of Colorado tick fever and virus-carrying ticks.
JAMA 157:335-337.

Eklund, C. M., G. M. Kohls, and W. L. Jellison. 1958. Isolation
of Colorado tick fever virus from rodents in Colorado. Science
128:413.

Eldridge, B. F. 1987. Strategies for surveillance, prevention,
and control of arbovirus diseases in western North America.
Am. J. Trop. Med. Hyg. 37(Suppl.):77S-86S.

. Emmons, R. W. 1988. Ecology of Colorado tick fever. Annu.

Rev. Microbiol. 42:49-64.

Emord, D. E., and C. D. Morris. 1984. Epizootiology of eastern
equine encephalomyelitis virus in upstate New York, USA.
VI. Antibody prevalence in wild birds during an interepizootic
period. J. Med. Entomol. 21:395-404.

Englund, J. A., G. N. Breningstall, L. J. Heck, J. S. Lazuick, N.
Karabatsos, C. H. Calisher, and T. F. Tsai. 1986. Diagnosis of
western equine encephalitis in an infant by brain biopsy.
Pediatr. Infect. Dis. 5:382-384.

Fauvel, M., H. Artsob, C. H. Calisher, L. Davignon, A.
Chagnon, R. Skvorc-Ranko, and S. Belloncik. 1980. Cali-
fornia group virus encephalitis in three children from Quebec:
clinical and serological findings. J. Can. Med. Assoc. 122:60-
63.

Fillis, C. A., and C. H. Calisher. 1979. Neutralizing antibody
responses of humans and mice to vaccination with Venezuelan
encephalitis (TC-83) virus. J. Clin. Microbiol. 10:544-549.
Finley, K. H., and N. Riggs. 1980. Convalescence and se-
quelae, p. 535-550. In T. P. Monath (ed.), St. Louis encepha-
litis. American Public Health Association, Washington, D.C.

. Fitch, W. M., and H. Artsob. 1990. Powassan encephalitis in

New Brunswick. Can. Fam. Physician 36:1289-1290.

Florio, L., and M. S. Miller. 1948. Epidemiology of Colorado
tick fever. Am. J. Public Health 38:211-213.

Florio, L., M. D. Stewart, and E. R. Mugrage. 1944. The
experimental transmission of Colorado tick fever. J. Exp.
Med. 80:165-188.

Florio, L., M. D. Stewart, and E. R. Mugrage. 1946. The
etiology of Colorado tick fever. J. Exp. Med. 83:1-10.
Florio, L., M. D. Stewart, and E. R. Mugrage. 1950. Colorado
tick fever. Isolation of the virus from Dermacentor andersoni
in nature and a laboratory study of the transmission of the virus
in the tick. J. Immunol. 64:257-263.

Fothergill, L. D., M. Holden, and R. W. G. Wyckoff. 1938.
Isolation from human beings of eastern equine encephalomy-
elitis virus. JAMA 111:1768.



VoL. 7, 1994

96.

97.

98.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

France, J. K., B. C. Wyrick, and D. W. Trent. 1979. Biochem-
ical and antigenic comparisons of the envelope glycoproteins
of Venezuelan equine encephalomyelitis virus strains. J. Gen.
Virol. 44:725-740.

Francki, R. L. B., C. M. Fauquet, D. L. Knudson, and F. Brown
(ed.). 1991. Classification and nomenclature of viruses; fifth
report of the International Committee on Taxonomy of Vi-
ruses. Arch. Virol. (Suppl.) 2:1-450.

Gahlinger, P. M., W. C. Reeves, and M. M. Milby. 1986. Air
conditioning and television as protective factors in arboviral
encephalitis risk. Am. J. Trop. Med. Hyg. 35:601-610.

. Gardner, J. J., and M. G. Reyes. 1980. Pathology, p. 551-567.

In T. P. Monath (ed.), St. Louis encephalitis. American Public
Health Association, Washington, D.C.

Gebhardt, L. P., and D. W. Hill. 1960. Overwintering of
western equine encephalitis virus. Proc. Soc. Exp. Biol. Med.
104:695-698.

Gonzalez-Scarano, F., B. Beaty, D. Sundin, R. Janssen, M. J.
Endres, and N. Nathanson. 1988. Genetic determinants of the
virulence and infectivity of La Crosse virus. Microb. Pathog.
4:1-7.

Gonzalez-Scarano, F., and N. Nathanson. 1990. Bunyaviruses,
p- 1195-1228. In B. N. Fields, D. M. Kanipe, et al. (ed.),
Virology, 2nd ed. Raven Press, New York.
Gonzalez-Scarano, F., R. E. Shope, C. H. Calisher, and N.
Nathanson. 1982. Characterization of monoclonal antibodies
against the G1 and N proteins of La Crosse and Tahyna, two
California serogroup bunyaviruses. Virology 120:42-53.
Goodpasture, H. C., J. D. Poland, D. B. Francy, G. S. Bowen,
and K. A. Horn. 1978. Colorado tick fever: clinical, epidemi-
ologic, and laboratory aspects of 228 cases in Colorado in
1973-1974. Ann. Intern. Med. 88:303-310.

Grimstad, P. R. 1988. California group virus disease, p. 99-
136. In T. P. Monath (ed.), The arboviruses: epidemiology and
ecology, vol. II. CRC Press, Boca Raton, Fla.

Gundersen, C. B., and K. L. Brown. 1983. Clinical aspects of
La Crosse encephalitis: preliminary report, p. 169-177. In
C. H. Calisher and W. H. Thompson (ed.), California sero-
group viruses. A. R. Liss, Inc., New York.

Hahn, C. S., S. Lustig, E. G. Strauss, and J. H. Strauss. 1988.
Western equine encephalitis virus is a recombinant virus. Proc.
Natl. Acad. Sci. USA 85:5997-6001.

Hammon, W. M., and W. C. Reeves. 1952. California enceph-
alitis virus, a newly described agent. I. Evidence of natural
infection in man and other animals. Calif. Med. 77:303-309.
Hammon, W. M., W. C. Reeves, B. Brookman, E. M. Izumi,
and C. M. Gjullin. 1941. Isolation of the viruses of western
equine and St. Louis encephalitis from Culex tarsalis mosqui-
toes. Science 94:328-330.

Hammon, W. M., W. C. Reeves, and G. E. Sather. 1952.
California encephalitis virus, a newly described agent. II.
Isolations and attempts to identify and characterize the agent.
J. Immunol. 69:493-510.

Hardy, J. L. 1987. The ecology of western equine encephalo-
myelitis virus in the Central Valley of California, 1945-1985.
Am. J. Trop. Med. Hyg. 37(Suppl.):185-32S.

Hardy, J. L. 1989. Susceptibility and resistance of vector
mosquitoes, p. 87-126. In T. P. Monath (ed.), The arboviruses:
epidemiology and ecology, vol. I. CRC Press, Boca Raton,
Fla.

Havens, W. P., Jr., D. W. Watson, R. H. Green, G. 1. Lavin,
and J. E. Smadel. 1943. Complement-fixation with the neuro-
tropic viruses. J. Exp. Med. 77:139-153.

Henderson, B. E., W. A. Chappell, J. G. Johnston, Jr., and
W. D. Sudia. 1971. Experimental infection of horses with three
strains of Venezuelan equine encephalitis virus. 1. Clinical and
virological studies. Am. J. Epidemiol. 93:194-205.

Hildreth, S. W., and B. J. Beaty. 1984. Detection of eastern
equine encephalomyelitis virus and Highlands J virus antigens
within mosquito pools by enzyme immunoassay (EIA). 1. A
laboratory study. Am. J. Trop. Med. Hyg. 33:965-972.
Hildreth, S. W., B. J. Beaty, H. K. Maxfield, R. F. Gilfillan, and
B. J. Rosenau. 1984. Detection of eastern equine encephalo-

117.

118.

119.

120.
121.

122.
123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

ARBOVIRUSES 113

myelitis virus and Highlands J virus antigens within mosquito
pools by enzyme immunoassay (EIA). II. Retrospective field
test of the EIA. Am. J. Trop. Med. Hyg. 33:973-980.
Holland, J., K. Spindler, F. Horodyski, E. Grabau, S. Nichol,
and S. VandePol. 1982. Rapid evolution of RNA genomes.
Science 215:1577-1585.

Houk, E. J., L. D. Kramer, J. L. Hardy, and S. B. Presser.
1986. An interspecific mosquito model for the mesenteronal
infection barrier to western equine encephalomyelitis virus
(Culex tarsalis and Culex pipiens). Am. J. Trop. Med. Hyg.
35:632-641.

Howard, J. J., D. J. White, and S. L. Muller. 1989. Mark-
recapture studies on the Culiseta (Diptera: Culicidae) vectors
of eastern equine encephalitis virus. J. Med. Entomol. 26:190—
199.

Howitt, B. F. 1938. Recovery of the virus of equine encepha-
lomyelitis from the brain of a child. Science 88:455.

Hunt, A. R., and J. T. Roehrig. 1985. Biochemical and biolog-
ical characteristics of epitopes on the E1 glycoprotein of
western equine encephalitis virus. Virology 142:334-346.
Jackson, A. C. 1989. Leg weakness associated with Powassan
virus infection—Ontario. Can. Dis. Weekly Rep. 15:123-124.
Jahrling, P. B., and E. H. Stephenson. 1984. Protective effica-
cies of live attenuated and formaldehyde-inactivated Venezu-
elan equine encephalitis virus vaccines against aerosol chal-
lenge in hamsters. J. Clin. Microbiol. 19:429-431.

Jakob, W. L., T. Davis, and D. B. Francy. 1989. Occurrence of
Culex erythrothorax in southeastern Colorado and report of
virus isolations from this and other mosquito species. J. Am.
Mosq. Control Assoc. 5:534-536.

Jones, L. D., C. R. Davies, G. M. Steele, and P. A. Nuttall.
1987. A novel mode of arbovirus transmission involving a
nonviremic host. Science 237:775-777.

Jones, L. D., C. R. Davies, T. Williams, J. Cory, and P. A.
Nuttall. 1990. Non-viraemic transmission of Thogoto virus:
vector efficiency of Rhipicephalus appendiculatus and Am-
blyomma variegatum. Trans. R. Soc. Trop. Med. Hyg. 84:846-
848.

Kalfayan, B. 1983. Pathology of La Crosse virus infection in
humans, p. 179-186. In C. H. Calisher and W. H. Thompson
(ed.), California serogroup viruses. A. R. Liss, Inc., New
York.

Kappus, K. D., T. P. Monath, R. M. Kaminski, and C. H.
Calisher. 1983. Reported encephalitis associated with Califor-
nia serogroup virus infections in the United States, 1963-1981,
p- 3141. In C. H. Calisher and W. H. Thompson (ed.),
California serogroup viruses. A. R. Liss, Inc., New York.
Karabatsos, N. (ed.). 1985. International catalogue of arbovi-
ruses including certain other viruses of vertebrates, 3rd ed.
American Society of Tropical Medicine and Hygiene, San
Antonio, Tex.

Karabatsos, N., A. L. Lewis, C. H. Calisher, A. R. Hunt, and
J. T. Roehrig. 1988. Identification of Highlands J virus from a
Florida horse. Am. J. Trop. Med. Hyg. 39:603-606.
Karabatsos, N., J. D. Poland, R. W. Emmons, J. H. Mathews,
K. L. Wolff, and C. H. Calisher. 1987. Antigenic variants of
Colorado tick fever virus. J. Gen. Virol. 68:1463-1469.

Kim, J. H., J. Booss, E. E. Manuelidis, and C. C. Duncan. 1985.
Human eastern equine encephalitis. Electron microscopic
study of a brain biopsy. Am. J. Clin. Pathol. 84:223-227.
Kinney, R. M., J. J. Esposito, J. H. Mathews, B. J. Johnson,
J. T. Roehrig, A. D. Barrett, and D. W. Trent. 1988. Recom-
binant vaccinia virus/Venezuelan equine encephalitis (VEE)
virus protects mice from peripheral VEE virus challenge. J.
Virol. 62:4697-4702.

Kinney, R. M., and D. W. Trent. 1983. Comparative immuno-
chemical and biochemical analyses of viruses in the VEE
complex. J. Gen. Virol. 64:135-147.

Klimas, R. A., W. H. Thompson, C. H. Calisher, G. G. Clark,
P. R. Grimstad, and D. H. L. Bishop. 1981. Genotypic varieties
of La Crosse virus isolated from different geographic regions of
the continental United States and evidence for a naturally
occurring intertypic recombinant La Crosse virus. Am. J.



114

136.

137.

138.

139.

140.

141.

142.

143.

144,

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

CALISHER

Epidemiol. 114:112-131.

Knudson, D. L., and T. P. Monath. 1990. Orbiviruses, p.
1405-1433. In B. N. Fields, D. M. Khnipe, et al. (ed.), Virology,
2nd ed. Raven Press, New York.

Kolakofsky, D. (ed.). 1991. Bunyaviridae. Curr. Top. Micro-
biol. Immunol. 169:143-159.

Kolakofsky, D., and D. Hacker. 1991. Bunyavirus RNA syn-
thesis: genome transcription and replication. Curr. Top. Mi-
crobiol. Immunol., p. 143-159.

Kouri, G., M. G. Guzman, and J. Bravo. 1986. Hemorrhagic
dengue in Cuba: history of an epidemic. Bull. Pan Am. Health
Organ. 20:24-30.

Kramer, L. D., J. L. Hardy, and S. B. Presser. 1983. Effect of
temperature of extrinsic incubation on the vector competence
of Culex tarsalis for western equine encephalomyelitis virus.
Am. J. Trop. Med. Hyg. 32:1130-1139.

Kramer, L. D., J. L. Hardy, S. B. Presser, and E. J. Houk.
1981. Dissemination barriers for western equine encephalomy-
elitis virus in Culex tarsalis infected after ingestion of low viral
doses. Am. J. Trop. Med. Hyg. 30:190-197.

Kubes, V., and F. A. Rios. 1939. The causative agent of
infectious equine encephalomyelitis in Venezuela. Science
90:20-21.

Lanciotti, R. S., C. H. Calisher, D. J. Gubler, G.-J. Chang, and
A. V. Vorndam. 1992. Rapid detection and typing of dengue
viruses from clinical samples by using reverse transcriptase-
polymerase chain reaction. J. Clin. Microbiol. 30:545-551.
Lederberg, J., R. E. Shope, and S. C. Oaks, Jr. (ed.). 1992.
Emerging infections. Microbial threats to health in the United
States. National Academy Press, Washington, D.C.

Leonov, G. N., and G. P. Somov. 1989. Kleshchevoi entsefalit
v Primorskom krae. (Tick-borne encephalitis in the Maritime
Territory.) Zh. Mikrobiol. Epidemiol. Immunobiol. 7:43-48.
Leonova, G. N., M. N. Sorokina, and S. P. Krugliak. 1991.
Kliniko-epidemiologicheskie osobennosti entsefalita Powassan
na iuge Sovetskogo Dal’nego Vostoka. (The clinico-epidemio-
logical characteristics of Powassan encephalitis in the southern
Soviet Far East.) Zh. Mikrobiol. Epidemiol. Immunobiol.
1:35-39.

Levinson, R. S., J. H. Strauss, and E. G. Strauss. 1990.
Complete sequence of the genomic RNA of O’nyong-nyong
virus and its use in the construction of alphavirus phylogenetic
trees. Virology 175:110-123.

Lindsey, H. S., C. H. Calisher, and J. H. Mathews. 1976. Serum
dilution neutralization test for California group virus identifi-
cation and serology. J. Clin. Microbiol. 4:503-510.

Lord, R. D., C. H. Calisher, W. A. Chappell, W. R. Metzger,
and G. W. Fischer. 1974. Urban St. Louis encephalitis surveil-
lance through wild birds. Am. J. Epidemiol. 99:360-363.
Lord, R. D., C. H. Calisher, and W. P. Doughty. 1974.
Assessment of bird involvement in three urban St. Louis
encephalitis epidemics. Am. J. Epidemiol. 99:364-367.

Luby, J. P. 1979. St. Louis encephalitis. Epidemiol. Rev.
1:55-73.

Ludwig, G. V., B. M. Christensen, T. M. Yuill, and K. T.
Schultz. 1989. Enzyme processing of La Crosse virus glyco-
protein G1: a bunyavirus-vector infection model. Virology
171:108-113.

Main, A. J., K. S. Anderson, H. K. Maxfield, B. Rosenau, and
C. Oliver. 1988. Duration of alphavirus neutralizing antibody in
naturally infected birds. Am. J. Trop. Med. Hyg. 38:208-217.
Maness, K. S. C., and C. H. Calisher. 1981. Eastern equine
encephalitis in the United States, 1971: past and prologue.
Curr. Microbiol. 5:311-316.

McLean, D. M., and W. L. Donohue. 1959. Powassan virus:
isolation of virus from a fatal case of encephalitis. Can. Med.
Assoc. J. 80:708-712.

McLean, D. M., E. J. McQueen, H. E. Petite, L. W. MacPher-
son, T. H. Scholten, and K. Ronald. 1962. Powassan virus: field
investigations in Northern Ontario, 1959 to 1961. Can. Med.
Assoc. J. 86:971-974.

McLean, R. G., and G. S. Bowen. 1980. Vertebrate hosts, p.
381-450. In T. P. Monath (ed.), St. Louis encephalitis. Amer-

158.

159.

160.

161.

162.

163.
164.

165.
166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

CLIN. MICROBIOL. REV.

ican Public Health Association, Washington, D.C.

McLean, R. G., R. B. Shriner, L. J. Kirk, and D. J. Muth.
1989. Western equine encephalitis in avian populations in
North Dakota, 1975. J. Wildl. Dis. 25:481-489.

McLean, R. G., R. B. Shriner, K. S. Pokorny, and G. S. Bowen.
1989. The ecology of Colorado tick fever in Rocky Mountain
National Park in 1974. III. Habitats supporting the virus. Am.
J. Trop. Med. Hyg. 40:86-93.

Meyer, K. F., C. M. Haring, and B. Howitt. 1931. The etiology
of epizootic encephalomyelitis in horses in the San Joaquin
Valley, 1930. Science 74:227-228.

Mitchell, C. J. 1989. Occurrence, biology, and physiology of
diapause in overwintering mosquitoes, p. 191-217. In T. P.
Monath (ed.), The arboviruses: epidemiology and ecology, vol.
I. CRC Press, Boca Raton, Fla.

Mitchell, C. J., M. L. Niebylski, G. C. Smith, N. Karabatsos, D.
Martin, J. P. Mutebi, G. B. Craig, Jr., and M. J. Mahler. 1992.
Isolation of eastern equine encephalitis virus from Aedes
albopictus in Florida. Science 257:526-527.

Monath, T. P. (ed.). 1980. St. Louis encephalitis. American
Public Health Association, Washington, D.C.

Monath, T. P. 1980. Epidemiology, p. 239-312. In T. P.
Monath (ed.), St. Louis encephalitis. American Public Health
Association, Washington, D.C.

Monath, T. P. (ed.). 1989. The arboviruses: epidemiology and
ecology, vol. I-V. CRC Press, Boca Raton, Fla.

Monath, T. P. 1990. Flaviviruses, p. 763-814. In B. N. Fields,
D. M. Kanipe, et al. (ed.), Virology, 2nd ed. Raven Press, New
York.

Monath, T. P., C. H. Calisher, M. Davis, G. S. Bowen, and J.
White. 1974. Experimental studies of Rhesus monkeys infected
with epizootic and enzootic subtypes of Venezuelan equine
encephalitis virus. J. Infect. Dis. 129:194-200.

Monath, T. P., C. B. Cropp, and A. K. Harrison. 1983. Mode
of entry of a neurotropic arbovirus into the central nervous
system: reinvestigation of an old controversy. Lab. Invest.
48:399-410.

Monath, T. P., R. G. McLean, C. B. Cropp, G. L. Parham,
J. S. Lazuick, and C. H. Calisher. 1981. Diagnosis of eastern
equine encephalomyelitis by immunofluorescent staining of
brain tissue. Am. J. Vet. Res. 42:1418-1421.

Monath, T. P., R. R. Nystrom, R. E. Bailey, C. H. Calisher, and
D. J. Muth. 1984. Immunoglobulin M antibody capture en-
zyme-linked immunosorbent assay for diagnosis of St. Louis
encephalitis. J. Clin. Microbiol. 20:784-790.

Monath, T. P., and T. F. Tsai. 1987. St. Louis encephalitis:
lessons from the last decade. Am. J. Trop. Med. Hyg.
37(Suppl.):40S-59S.

Moore, C. G., D. B. Francy, D. A. Eliason, R. E. Bailey, and
E. G. Campos. 1990. Aedes albopictus and other container-
inhabiting mosquitoes in the United States: results of an
eight-city survey. J. Am. Mosq. Control Assoc. 4:173-178.
Moore, C. G., R. G. McLean, C. J. Mitchell, R. S. Nasci, T. F.
Tsai, C. H. Calisher, A. A. Marfin, P. S. Moore, and D. J.
Gubler. 1993. Guidelines for arbovirus surveillance programs
in the United States. Centers for Disease Control and Preven-
tion, Atlanta.

Moore, P. (Centers for Disease Control and Prevention, Ft.
Collins, Colo.). 1993. Personal communication.

Morier, L., N. Cantelar, and M. 1. Soler. 1987. Infection of a
poikilothermic cell line (XL-2) with eastern equine encephalitis
and western equine encephalitis viruses. J. Med. Virol. 21:277-
281.

Morris, C. D. 1989. Eastern equine encephalitis, p. 1-20. In
T. P. Monath (ed.), The arboviruses: epidemiology and ecol-
ogy, vol. III. CRC Press, Boca Raton, Fla.

Morse, S. S. 1990. Regulating viral traffic. Issues Sci. Technol.
1990:81-84.

Muckenfuss, R. S., C. Armstrong, and H. A. McCordock. 1933.
Encephalitis: studies on experimental transmission. Public
Health Rep. 48:1341-1343.

Murphy, F. A., A. K. Harrison, and S. G. Whitfield. 1973.
Bunyaviridae: morphologic and morphogenetic similarities of



VoL. 7, 1994

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

Bunyamwera supergroup viruses and several other arthropod-
borne viruses. Intervirology 1:297-316.

Naschi, R. S., R. L. Berry, R. A. Restifo, M. A. Parsons, G. C.
Smith, and D. A. Martin. 1993. Eastern equine encephalitis
virus in Ohio during 1991. J. Med. Entomol. 30:216-222.
Najaka, T., and C. H. Calisher. Unpublished data.

O’Meara, G. F., V. L. Larson, D. H. Mook, and M. D. Latham.
1989. Aedes bahamensis: its invasion of south Florida and
association with Aedes aegypti. J. Am. Mosq. Control Assoc.
5:1-5.

Oprandy, J. J., J. G. Olson, and T. W. Scott. 1988. A rapid dot
immunoassay for the detection of serum antibodies to eastern
equine encephalomyelitis and St. Louis encephalitis viruses in
sentinel chickens. Am. J. Trop. Med. Hyg. 38:181-186.
Oshiro, L. S., D. V. Dondero, R. W. Emmons, and E. H.
Lennette. 1978. The development of Colorado tick fever virus
within cells of the haemopoietic system. J. Gen. Virol. 39:73-
79.

Parry, J. E. 1983. Control of Aedes triseriatus in La Crosse,
Wisconsin, p. 355-363. In C. H. Calisher and W. H. Thompson
(ed.), California serogroup viruses. A. R. Liss, Inc., New
York.

Peters, C. J., and J. M. Dalrymple. 1990. Alphaviruses, p.
713-761. In B. N. Fields, D. M. Knipe, et al. (ed.), Virology,
2nd ed. Raven Press, New York.

Peters, C. J., and J. W. LeDuc. 1991. Bunyaviridae: bunyavi-
ruses, phleboviruses, and related viruses, p. 571-614. In R. B.
Belshe (ed.), Textbook of human virology. Mosby-Year Book,
Inc., St. Louis.

Reeves, W. C. 1987. The discovery decade of arbovirus re-
search in western North America, 1940-1949. Am. J. Trop.
Med. Hyg. 37(Suppl.):94S-100S.

Reeves, W. C. 1990. Epidemiology and control of mosquito-
borne arboviruses in California, 1943-1987. California Mos-
quito and Vector Control Association, Sacramento.

Reisen, W. K., J. L. Hardy, W. C. Reeves, S. B. Presser, M. M.
Milby, and R. P. Meyer. 1990. Persistence of mosquito-borne
viruses in Kern County, California, 1983-1988. Am. J. Trop.
Med. Hyg. 43:419-437.

Reisen, W. K., and T. P. Monath. 1989. Western equine
encephalitis, p. 89-137. In T. P. Monath (ed.), The arbovi-
ruses: epidemiology and ecology, vol. V. CRC Press, Boca
Raton, Fla.

Rennels, M. B. 1984. Arthropod-borne virus infections of the
central nervous system. Neurol. Clin. 2:241-254.

Roehrig, J. T., R. A. Bolin, A. R. Hunt, and T. M. Woodward.
1991. Use of a new synthetic-peptide-derived monoclonal
antibody to differentiate between vaccine and wild-type Ven-
ezuelan equine encephalomyelitis viruses. J. Clin. Microbiol.
29:630-631.

Roehrig, J. T., A. R. Hunt, G. J. Chang, B. Sheik, R. A. Bolin,
T. F. Tsai, and D. W. Trent. 1990. Identification of monoclonal
antibodies capable of differentiating antigenic varieties of east-
ern equine encephalitis viruses. Am. J. Trop. Med. Hyg.
42:394-398.

Roehrig, J. T., J. H. Mathews, and D. W. Trent. 1983.
Identification of epitopes on the E glycoprotein of St. Louis
encephalitis virus using monoclonal antibodies. Virology 128:
118-126.

Rosato, R. R., F. F. Macasaet, and P. B. Jahrling. 1988.
Enzyme-linked immunosorbent assay detection of immunoglo-
bulins G and M to Venezuelan equine encephalomyelitis virus
in vaccinated and naturally infected humans. J. Clin. Micro-
biol. 26:421-425.

Rosen, L. 1981. The use of Toxorhynchites mosquitoes to
detect and propagate dengue and other arboviruses. Am. J.
Trop. Med. Hyg. 30:177-183.

Rosen, L. 1988. Further observations on the mechanism of
vertical transmission of flaviviruses by Aedes mosquitoes. Am.
J. Trop. Med. Hyg. 39:123-126.

Sabattini, M. S., J. F. Daffner, T. P. Monath, T. 1. Bianchi,
C. B. Cropp, C. J. Mitchell, and G. Aviles. 1991. Localized
eastern equine encephalitis in Santiago del Estero Province,

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

212.

213.
214.

215.

216.

217.

218.

219.

ARBOVIRUSES 115

Argentina, without human infection. Medicina (Rijeka) 51:3-8.
Schlesinger, S. S., and M. J. Schlesinger. 1990. Replication of
Togaviridae and Flaviviridae, p. 697-711. In B. N. Fields,
D. M. Knipe, et al. (ed.), Virology, 2nd ed. Raven Press, New
York.

Schmaljohn, C. S., and J. L. Patterson. 1990. Bunyaviridae and
their replication, part II. Replication of Bunyaviridae, p.
1175-1194. In B. N. Fields, D. M. Knipe, et al. (ed.), Virology,
2nd ed. Raven Press, New York.

Scott, T. W. 1980. Vertebrate host ecology, p. 257-280. In T. P.
Monath (ed.), The arboviruses: epidemiology and ecology, vol.
I. CRC Press, Boca Raton, Fla.

Scott, T. W., S. W. Hildreth, and B. J. Beaty. 1984. The
distribution and development of eastern equine encephalitis
virus in its enzootic mosquito vector, Culiseta melanura. Am.
J. Trop. Med. Hyg. 33:300-310.

Scott, T. W., L. H. Lorenz, and S. C. Weaver. 1990. Suscep-
tibility of Aedes albopictus to infection with eastern equine
encephalomyelitis virus. J. Am. Mosq. Control Assoc. 6:274—
278.

Scott, T. W., and J. G. Olson. 1986. Detection of eastern
equine encephalomyelitis viral antigen in avian blood by en-
zyme immunoassay: a laboratory study. Am. J. Trop. Med.
Hyg. 35:611-618.

Scott, T. W., J. G. Olson, B. P. All, 3rd, and E. P. Gibbs. 1988.
Detection of eastern equine encephalomyelitis virus antigen in
equine brain tissue by enzyme-linked immunosorbent assay.
Am. J. Vet. Res. 49:1716-1718.

Scott, T. W., J. G. Olson, T. E. Lewis, J. W. Carpenter, L. H.
Lorenz, L. A. Lembeck, S. R. Joseph, and B. B. Pagac. 1987. A
prospective field evaluation of an enzyme immunoassay: de-
tection of eastern equine encephalomyelitis virus antigen in
pools of Culiseta melanura. J. Am. Mosq. Control Assoc.
3:412-417.

Scott, T. W., and S. C. Weaver. 1989. Eastern equine enceph-
alomyelitis virus: epidemiology and evolution of mosquito
transmission. Adv. Virus Res. 37:277-328.

Sellers, R. F. 1989. Eastern equine encephalitis in Quebec and
Connecticut, 1972: introduction by infected mosquitoes on the
wind? Can. J. Vet. Res. 5§3:76-79.

Sellers, R. F., and A. R. Maarouf. 1988. Impact of climate on
western equine encephalitis in Manitoba, Minnesota and North
Dakota, 1980-1983. Epidemiol. Infect. 101:511-535.

Sellers, R. F., and A. R. Maarouf. 1990. Trajectory analysis of
winds and eastern equine encephalitis in USA, 1980-5. Epide-
miol. Infect. 104:329-343.

Shapiro, W., and S. Eisenberg. 1969. Pathophysiology of
epidemic St. Louis encephalitis. III. Cerebral blood flow and
metabolism. Ann. Intern. Med. 71:691-702.

Shope, R. 1991. Global climate change and infectious diseases.
Environ. Health Perspect. 96:171-174.

Smith, J. P., T. M. Loyless, and J. A. Mulrennan, Jr. 1990. An
update on Aedes albopictus in Florida. J. Am. Mosq. Control
Assoc. 6:318-320.

Soler Nodarse, M., J. Mena Portales, and G. del Barrio. 1985.
Identificacion de una cepa de encefalomielitis equina del este
(EEE) aislada de una paloma Columba livia domestica. (Iden-
tification of a strain of eastern equine encephalitis virus iso-
lated from the pigeon Columba livia domestica.) Rev. Cubana
Med. Trop. 37:12-18.

Sonenshine, D. E. 1989. Diapause in tick vectors of disease, p.
219-243. In T. P. Monath (ed.), The arboviruses: epidemiology
and ecology, vol. I. CRC Press, Boca Raton, Fla.

Spence, L. P. 1980. St. Louis encephalitis in tropical America,
p. 451-471. In T. P. Monath (ed.), St. Louis encephalitis.
American Public Health Association, Washington, D.C.
Stansfield, S. K., C. H. Calisher, A. R. Hunt, and W. G.
Winkler. 1988. Antibodies to arboviruses in an Alaskan popu-
lation at occupational risk of infection. Can. J. Microbiol.
34:1213-1216.

Sudia, W. D., R. G. McLean, V. F. Newhouse, J. G. Johnston,
D. L. Miller, G. S. Bowen, and G. Sather. 1975. Epidemic
Venezuelan equine encephalitis in North America in 1971. Am.



116

220.

221.

222.

223.

224.

225.

226.

227.

228.

229.

230.

231.

232.

233.

234.

235.

236.

237.
238.

239.

240.

CALISHER

J. Epidemiol. 101:36-50.

Sudia, W. D., V. F. Newhouse, C. H. Calisher, and R. W.
Chamberlain. 1971. California group arboviruses: isolation
from mosquitoes in North America. Mosq. News 31:576-600.
Sulkin, S. E., R. A. Sims, and R. Allen. 1966. Isolation of St.
Louis encephalitis virus from bats (Tadarida b. mexicana) in
Texas. Science 152:223-225.

Tabachnick, W. J. 1991. The evolutionary relationships among
arboviruses and the evolutionary relationships of their vectors
provides a method for understanding vector-host interactions.
J. Med. Entomol. 28:297-298.

Tabachnick, W. J. 1991. Genetic control of oral susceptibility
to infection of Culicoides variipennis with bluetongue virus.
Am. J. Trop. Med. Hyg. 45:666-671.

TenBroeck, C., and M. Merrill. 1933. A serological difference
between eastern and western equine encephalomyelitis virus.
Proc. Soc. Exp. Biol. Med. 31:217-220.

Theiler, M., and W. G. Downs (compilers and ed.). 1973. The
arthropod-borne viruses of vertebrates. Yale University Press,
New Haven, Conn.

Thomas, L. A., and C. M. Eklund. 1960. Overwintering of
western equine encephalomyelitis virus in experimentally in-
fected garter snakes and transmission to mosquitoes. Proc.
Soc. Exp. Biol. Med. 105:52-55.

Thomas, L. A., R. C. Kennedy, and C. M. Eklund. 1960.
Isolation of a virus closely related to Powassan virus from
Dermacentor andersoni collected along the North Cache la
Poudre River, Colo. Proc. Soc. Exp. Biol. Med. 104:355-359.
Thompson, W. H., and B. J. Beaty. 1978. Venereal transmis-
sion of La Crosse virus from male to female Aedes triseriatus.
Am. J. Trop. Med. Hyg. 27:187-195.

Thompson, W. H., B. Kalfayan, and R. O. Anslow. 1965.
Isolation of California encephalitis group virus from a fatal
human illness. Am. J. Epidemiol. 81:245-253.

Trent, D. W., and J. A. Grant. 1980. A comparison of New
World alphaviruses in the western equine encephalomyelitis
complex by immunochemical and oligonucleotide fingerprint
techniques. J. Gen. Virol. 47:261-282.

Trent, D. W., R. M. Kinney, B. J. B. Johnson, A. V. Vorndam,
J. A. Grant, V. Deubel, C. M. Rice, and H. Chang. 1987. Partial
nucleotide sequence of St. Louis encephalitis virus RNA:
structural proteins, NS1, NS2a, and NS2b. Virology 156:293-
304

Trent, D. W., T. P. Monath, G. S. Bowen, A. V. Vorndam,
C. B. Cropp, and G. E. Kemp. 1980. Variation among strains of
St. Louis encephalitis virus: basis for a genetic, pathogenetic
and epidemiologic classification. Ann. N.Y. Acad. Sci. 354:
219-237.

Tsai, T. F. 1991. Arboviral infections in the United States.
Infect. Dis. Clin. North Am. 5:73-102.

Tsai, T. F., and C. J. Mitchell. 1989. St. Louis encephalitis, p.
113-143. In T. P. Monath (ed.), The arboviruses: epidemiology
and ecology, vol. IV. CRC Press, Boca Raton, Fla.

Tully, T. N., Jr., S. M. Shane, R. P. Poston, J. J. England,
C. C. Vice, D. Y. Cho, and B. Panigrahy. 1992. Eastern equine
encephalitis in a flock of emus (Dromaius novaehollandiae).
Avian Dis. 36:808-812.

Turrell, M. J. 1989. Horizontal and vertical transmission of
viruses by insect and tick vectors, p. 127-152. In T. P. Monath
(ed.), The arboviruses: epidemiology and ecology, vol. I. CRC
Press, Boca Raton, Fla.

Van Regenmortel, M. H., J. Maniloff, and C. H. Calisher. 1991.
The concept of virus species. Arch. Virol. 120:313-314.
Volchkov, V. E., V. A. Volchkova, and S. V. Netesov. 1991.
Polnaia nukleotidnaia posledovatel’nost’ genoma virusa vos-
tochnogo entsefalomielita loshadei. (Complete nucleotide se-
quence of the Eastern equine encephalomyelitis virus ge-
nome.) Mol. Gen. Mikrobiol. Virusol. 5:8-15.

Wagstaff, K. H., S. L. Dickson, and A. Bailey. 1986. Western
equine encephalitis surveillance in Utah. J. Am. Mosq. Control
Assoc. 2:201-203.

Walder, R., O. Suarez, and C. H. Calisher. 1984. Arbovirus

241.

242.

243.

244.

245.

246.

247.

248.

249.

250.

251.

252.

253.

254.

255.

256.

257.

258.

CLIN. MICrOBIOL. REV.

studies in the Guajira region of Venezuela: activities of eastern
equine encephalitis and Venezuelan equine encephalitis vi-
ruses during an interepizootic period. Am. J. Trop. Med. Hyg.
33:699-707.

Walton, T. E., and M. A. Grayson. 1989. Venezuelan equine
encephalomyelitis, p. 203-231. In T. P. Monath (ed.), The
arboviruses: epidemiology and ecology, vol. IV. CRC Press,
Boca Raton, Fla.

Walton, T. E., M. M. Jochim, T. L. Barber, and L. H. Son.
1989. Cross-protective immunity between equine encephalo-
myelitis viruses in equids. Am. J. Vet. Res. 50:1442-1446.
Waters, J. R. 1976. An epidemic of western encephalomyelitis
in humans—Manitoba, 1975. Can. J. Public Health 67(Suppl.
1):28-32.

Watts, D. M., G. G. Clark, C. L. Crabbs, C. A. Rossi, T. R.
Olin, and C. L. Bailey. 1987. Ecological evidence against
vertical transmission of eastern equine encephalitis virus by
mosquitoes (Diptera: Culicidae) on the DelMarVa Peninsula,
USA. J. Med. Entomol. 24:91-98.

Watts, D. M., S. Pantuwatana, G. R. DeFoliart, T. M. Yuill,
and W. H. Thompson. 1973. Transovarial transmission of La
Crosse virus (California encephalitis group) in the mosquito
Aedes triseriatus. Science 182:1140-1143.

Watts, D. M., W. H. Thompson, T. M. Yuill, G. R. DeFoliart,
and R. P. Hanson. 1974. Overwintering of La Crosse virus in
Aedes triseriatus. Am. J. Trop. Med. Hyg. 23:694-700.
Weaver, S. C., L. A. Bellew, and R. Rico-Hesse. 1992. Phylo-
genetic analysis of alphaviruses in the Venezuelan equine
encephalitis complex and identification of the source of
epizootic viruses. Virology 191:282-290.

Weaver, S. C., A. Hagenbaugh, L. A. Bellew, and C. H.
Calisher. 1992. Genetic characterization of an antigenic sub-
type of eastern equine encephalomyelitis virus. Arch. Virol.
127:305-314.

Weaver, S. C., W. F. Scherer, E. W. Cupp, and D. A. Castello.
1984. Barriers to dissemination of Venezuelan encephalitis
viruses in the Middle American enzootic vector mosquito,
Culex (Melanoconion) taeniopus. Am. J. Trop. Med. Hyg.
33:953-960.

Weaver, S. C., T. W. Scott, L. H. Lorenz, K. Lerdthusnee, and
W. S. Romoser. 1988. Togavirus-associated pathologic changes
in the midgut of a natural mosquito vector. J. Virol. 62:2083-
2090.

Weaver, S. C., T. W. Scott, and R. Rico-Hesse. 1991. Molecular
evolution of eastern equine encephalomyelitis virus in North
America. Virology 182:774-784.

Webster, L. T., and G. L. Fite. 1933. A virus encountered in
the study of material from cases of encephalitis in the St. Louis
and Kansas City epidemic of 1933. Science 78:463-465.
Webster, L. T., and F. H. Wright. 1938. Recovery of eastern
equine encephalomyelitis virus from brain tissue of human
cases of encephalitis in Massachusetts. Science 88:305-306.
Westaway, E. G., M. A. Brinton, S. Y. Gaidamovich, M. C.
Horzinek, A. Igarashi, L. Kiiiridinen, D. K. Lvov, J. S.
Porterfield, P. K. Russell, and D. W. Trent. 1985. Togaviridae.
Intervirology 24:125-139.

Westaway, E. G., M. A. Brinton, S. Y. Gaidamovich, M. C.
Horzinek, A. Igarashi, L. Kiiridinen, D. K. Lvov, J. S.
Porterfield, P. K. Russell, and D. W. Trent. 1985. Flaviviridae.
Intervirology 24:183-192.

White, M. G., N. W. Carter, F. C. Rector, and D. W. Seldin.
1969. Pathophysiology of epidemic St. Louis encephalitis. 1.
Inappropriate secretion of antidiuretic hormone. Ann. Intern.
Med. 71:691-702.

Yamamoto, K., K. Hashimoto, J. Chiba, and B. Simizu. 1985.
Properties of monoclonal antibodies against glycoproteins of
western equine encephalitis virus. J. Virol. 55:840-842.
Young, N. A., and K. M. Johnson. 1969. Antigenic variants of
Venezuelan equine encephalomyelitis viruses: their geographic
distribution and epidemiologic significance. Am. J. Epidemiol.
89:286-307.



