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pus, hypothalamus, deep and subcortical white matter, and deep and cortical gray matter
with varying degrees of severity depending on the stage of disease. Gadolinium enhance-
ment is clearly shown only in later stages (Figs. 1 and 2). Although a seemingly similar
involvement of thalamus and midbrain on magnetic resonance images can also be seen
in Japanese encephalitis, more prominent hypersignal T2 changes and foci of hemorrhages
are observed in this arboviral encephalitis than in rabies [9].

8 ODIFFERENTIAL DIAGNOSIS

Differential diagnosis includes encephalitis caused by arboviruses such as Japanese, eastern
equine, and West Nile viruses and enterovirus 71 and Nipah virus infections [9]. Diffuse
flaccid paralysis was found in 10% of patients with West Nile virus encephalitis, with no
discernible ascending pattern of progression [27]. Asymmetrical weakness in an unimmu-
nized patient in an epidemic setting suggests paralytic poliomyelitis or atypical forms of
Japanese encephalitis [9]. The Trinidad outbreak of paralytic rabies was initially thought
1o be poliomyelitis.

Acute hepatic porphyria with neuropsychiatric disturbances can be confused with
rabies. Phobic and inspiratory spasms are seen only in rabies, Other conditions mimicking
rabies include intoxication by a variety of substances such as atropine-like compounds
and cannabis, alcohol withdrawal (delirium tremens), and acute serotonin syndrome from
taking serotonin reuptake inhibitors |1]. Tetanus resembles rabies only in the form of
reflex spasms [1]. All tetanus patients have a clear sensorium. Rabies patients do not have
persistent rigidity or sustained contraction of axial musculature such as the jaw, neck,
back, and abdomen as in tetanus. Spasms in rabies predominatly involve accessory respira-

Figure2 Axial T1-weighted MRI with gadolinium. Enhanced lesions in the gray matter of cervical
cord and nerve roots in a paralytic rabies patient. (Courtesy of Dr. Jiraporn Laothamatas, Ramathibodi
Hospital, Bangkok, Thatland.)
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tory muscles and the diaphragm, whereas in tetanus spasms occur in axial muscles, Opis-
thotonos is present extremely rarely if ever in rabies.

In some parts of the world where nervous tissue rabies vaccine is still widely used,
allergic encephalomyelitis must be included in the differential diagnosis. These vaccine-
induced ‘‘accidents’’ develop in as many as 1 in 400 Semple vaccine-treated patients and
less often in subjects who received mouse brain vaccine [3,4]. Neither phobic spasms,
paresthesias at bite sites, nor fluctuating consciousness are present in these postvaccination
reactions.

Acute motor axonal neuropathy (AMAN), an axonal form of GBS, shares many
clinical features with paralytic rabies [28,29]. AMAN following Campylobacter jejuni
infection may have preceding diarrhea that may be mistakenly diagnosed as a pradromal
symptom of rabies. Areflexic quadriparesis and bilateral facial weakness without sensory
deficits are observed in both conditions. Urinary incontinence is a common early symptom
in paralytic rabies but rare in GBS. Inspiratory spasms with abnormal behavior may appear
iate in the clinical course and may be masked by generalized paralysis aitd superimposed
metabolic disturbances that may occur in both conditions. Acute inflammatory demyelinat-
ing GBS (AIDP} or acute motor sensory axonal neuropathy (AMSAN) and GBS-like
syndrome following nervous tissue rabies vaccine may exhibit some degree of sensory
deficit. These are usually absent in paralytic rabies. Furthermore, the presence of local
prodromal symptoms, even without a history of bite exposure and early autonomic dysfunc-
tions {especially hypersalivation, abnormal pupils, and piloerection) suggest paralytic ra-
bies..

9 ESTABLISHING THE DIAGNOSIS

An early antemortemn diagnosis of rabies is extremely important. Delays in diagnosis
result in much anxiety, potential spread of contamination, and an unnecessary expensive
postexposure prophylaxis.

The diagnosis of furious rabies can be made with confidence when three classic or
major cardinal signs are present together: fluctuating consciousness, phobic spasms, and
autonomic dysfunction. However, in areas where bats are the principal vector of rabies
to humans, these clinical expressions may be variable [9,10]. Phobic spasms were found
in only half (10 of 20) of the cases. However, either phobic spasms alone or the presence
of three or more of the following—agitation, confusion, seizures {16 of 20) or dysphagia
(7 of 20), hypersalivation (10 of 20), limb pain, paresthesias (9 of 20), limb weakness,
and paralysis or ataxia (3 of 20)—were significantly associated with antemortem diagnosis
{18]. Local prodromal symptoms alone have 1o be interpreted with great caution because
they may be modified by the patient’s fear of rabies. A definite history of a bite, although
commonly found in crv cases, is not helpful in cases associated with brv. Of the six brv
cases reported between 1998 and 2000 in North America, only one had a definite history
of a bat bite.

Serological testing in the serum and CSF may produce variable results [1,10,30,31}.
Only 20% (6 of 31) of nonvaccinated Thai rabies patients had CSF rabies antibody (by
rapid fluorescent focus inhibition test) within 1-26 days after the onset of the disease.
All antibody-positive serum samples were obtained within 9 days after onset (3/6 within
the first 3 days). None of the 27 Thai nonvaccinated crv-rabies patients were CSF anti-
body-positive to rabies virus [1,30]. Results obtained from the analysis of 102 samples
from 39 cases in the United States and 16 in France since 1960 showed that serum antibody
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usually developed if the patients survived more than 8 days (6 of 43 between days 1 and
8 versus 34 of 59 from day 9). Antibody in the CSF appeared later (0 of 19 between days
1 and 8 versus 10 of 28 on day 9) [10,31].

Rabies virus may be isolated in mouse neuroblastoma cells from saliva specimens
[10]. This cell culture isolation is sensitive and specific, and results are known within 4-5
days. However, all samples to be tested must be maintained frozen after collection with
no preservatives. The success rate also depends on the status of rabies antibody (13 of 15
were positive in antibody-negative patients, compared to O of 17 in antibody-positive
patients). The intermittence of rabies virus shedding in the saliva also confuses these
findings. One must also understand that false negative results may be obtained from decom-
posed brains.

Rabies viral antigen may be detected by fluorescent antibody technique performed
on frozen sections of nuchal skin samples [8-10,31]. An examination of at least 20 sections
is required to detect the rabies nucleocapsid inclusions around the base of hair follicles.
The result is unrelated to the presence or absence of antibody. Earlier studies showed that
the proportion of positive results tends to increase as the disease progresses [1]. However,
in another 26 rabies patients, antigen could be detected in as many as five of six (82%)
within 4 days after onset. This number dropped to six of 10 (60%) between days 5 and
8 and to seven of 10 (70%) from day 9 [31]. Detection of rabies viral antigen in corneal
and salivary impression smears may yield false positive or negative results [32].

Brain biopsy with antigen detection yielded the highest sensitivity in two series {32].
False negative results may occur when brain biopsy is performed during the first few days
of the clinical illness. This may be due to a relative lack of viral antigen in the frontotem-
poral region and can be overcome by RT-PCR. Our experience with the nested PCR in
500 dog and five human brain samples showed 100% sensitivity without positive or false
negative results [30,33].

In addition to CNS tissue, saliva, CSF, tears, skin biopsy samples, and urine may
be sources for detection of rabies virus RNA by RT-PCR or nucleic acid sequence based
amplification (NASBA) {8,9,33—35. Serial samples should be tested, because not all are
positive, owing to intermittent shedding of virus. Sensitivity was not aftected by antibody
status of the patients. The success rate alsc depends on primer selection and surveillance
of genetic vanation amung different reservoirs in a certain geographical location

Where postmortem diagnosis from a complete brain autopsy is not possible, brain
tissue can be obtained by Trucut needle aspiration through a transorbital approach [9]. It
should be noted that only a minimal amount of brain tissue can be obtained by this
technique and antigen detection by fluorescent antibody test may give a false negative
result [personal experience).

10 MANAGEMENT

There is no specific treatment for rabies once clinical signs develop. Treatment is purely
symptomatic, aiming to lessen the degree of agitation and to comfort the patient and family
as much as possible. Preexposure vaccination is recommended for attending nurses and
physicians who routinely care for patients with rabies. Only those who had true exposure
despile precautions should receive postexposure treatment. Treatment with interferon and
antiviral drugs such as ribavirin, adenine arabinoside, acyclovir, and inosine pronobex,
intrathecal or systemic administration of rabies polyclonal antibody, and immunosuppre-
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sive therapy such as high-dose steroids or antithymocyte globulin did not alter the course
of the disease in humans [9,30].

11 PREVENTION

Successful postexposure prophylaxis (PEP) relies on prompt start of treatment whenever
the biting animal cannot be killed and its brain examined immediately by fluorescence
microscopy [5,8] (see Table 2). Whether or not a dog in an endemic area has attacked
without provocation should not be considered in the treatment decision. Treatment may
be discontinued if the dog or cat, but no other mammal, remains healthy throughout an
observation period of 10 days. Treatment must be initiated if the dog or cat develops
abnormal signs during this observation period. Treatment should be started in an exposed
person regardless of the time interval that elapsed since exposure but is usnally not adminis-
tered after a time interval longer than one year. Pregnancy is not a contraindication for
PEP.

Postexposure prophylaxis consists of local wound care (thorough cleansing with soap
and water, followed by application of 70% ethanol or a solution of iodine), use of modern
tissue culture rabies vaccine, and wound infiltration with human or purified rabies immuno-
globulin (RIG) in the case of single or multiple transdermal bites or scratches or licks
over mucous membranes [8] (Table 2). RIG serves to neutralize some, if not all, of the
virus inocufum at the bite site and closes the time gap until neutralizing antibody elicited

Table 2 Guide for Postexposure Treatment

Type of contact with a suspect or
confirmed domestic or wild® animal,

Category  or animal unavailable for observation Recommended treatment

1 Touching or hand feeding of None, if reliable case history is available.
animals; licks on intact skin

U Nibbling of uncovered skin; minor Administer vaccine immediately,” Stop
scratches or abrasions without treatment if animal remains healthy
bleeding; licks on broken skin throughout an observation period” of

10 days or it animal is euthanized and
found to be negative for rabies by
appropriate laboratory technigues.

iH Single or multiple transdermal bites Administer rabies immunoglobulin and
or scratches; contamination of vaccine immediately.” Stop treatment if
:mucous membrane with saliva animal remains healthy throughout an
(i.e., licks) observation period® of

10 days or if animal is killed humanely
and found to be negative for rabies by
appropriate laboratory techniques.

® Exposure to rodents, rabbits, and hares seldom, if ever, requires specific anti-rabies treatment,

" If an apparently healthy dog or cat in or from a low-risk area is placed under observation, it may be justified 10
delay specific treatment.

< This observation period applies only 10 dogs and cats. Except in the case of threatened or endangered species,
other domestic and wild animals suspected of being rabid should be cuthanized and their tissues examined using
appropriate laboratory techniques.
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by active immunization appears. The wound should not be sutured. As much as possible
of the RIG [human (HRIG) 20 1U/kg; equine (ERIG) 40 1U/kg] should be injected in and
around the wounds. We discourage the practice of multiple punctures during this process
because this, like wound suturing, may cause additional injunies to nerves [11]. If the
entire volume cannot be administered at the wound, the remainder can be administered
at a distant site, such as the deltoid opposite the vaccine dose or the anterior thigh. In the
case of multiple severe wounds, where RIG is insufficient in volume for infiitration of
all wounds, dilution with saline solution to an adequate volume is recommended. RIG
can be administered with a delay of up to 7 days after the initiation of vaccine treatment.
A skin test prior to ERIG administration is required. ERIG is approximately 80% less
expensive than HRIG in Thailand. Unfortunately, a shortage of ERIG supply may occur
in the near future [36). All tissue culture rabies vaccines such as human diploid cell
(HDCYV), purified Vero cell (PVRV), and purified chick embryo cell (PCECY) rabies
vaccines are equally safe and effective. These vaccines can be given by the intramuscular
(IM) route (at deltoid or anterolateral thigh muscles in children) on days 0, 3, 7, 14, and 28
or 30. The economical Thai Red Cross intradermal (ID) multisite regimen (2-2-2-0-1-1)
consists of 0.1 mL of any potent tissue culture vaccine injected at two different sites on
days 0, 3, and 7 and at one site on days 30 and 90. The Oxford intradermal multisite
regimen (8—0—-4-0-1-1) consists of 0.1 mL of any potent tissue culture vaccine injected
intradermally at eight sites on day 0 (both sides of deltoid, lateral thigh, suprascapular
region, and lower quadrant of the abdomen), at four sites on day 7, and at one site on
days 28 and 90 [8]. Both intradermal regimens have been approved by WHO.

Persons who have been previously vaccinated with either pre- or postexposure regi-
mens using a tissue culture or avian origin vaccine should receive two boosters on days
0 and 3 after a potential reexposure.-No RIG is needed [8].

To date, there is no approved PEP for HIV-infected individuals. These patients have
shown a low or even absence of antibody response after rabies vaccination [8].

Preexposure vaccination is recommended for subjects who are at a continuing risk
of exposure (e.g., laboratory technicians and veterinarians.) {8]. The recommended preex-
posure immunization schedule consists of three intramuscular doses or three intradermal
(0.1 mL) injections on days 0, 7, and 28 at the deltoid area. Also, neutralizing antibody
titers sheuld be checked every € months. If the value is less than 0.5 1U/nL, a booster
dose of vaccine should be given using either the intramuscular or intradermal route.

For an individual who is on antimalarial chemoprophylaxis or is immunocompro-
mised, IM injections are preferable.
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Rabies is an acute progressive encephalitis with the
highest case to fatality ratio of any infectious disease.
The causative agents are neurotropic RNA viruses in the
Lonily Rhabdoviridae, genus Lyssavirus, of seven puta-
lre genotypes. Rabies has been recognized since an-
liguity and is the most significant viral zoonosis today,
At present, rabies kills more people than yellow fever,
dengue fever, and Japanese encephalitis.} Despite mil-

lions of human exposures and thousands of human
deaths, primarily in developing countries in Asia, Africa,
and Latin America, the World Health Organization
(WHO) ranks rabies low on its list of important infec-
tious diseases. In contrast, rabies virus infections in hu-
mans in the United States and other developed coun-
tries are uncommon, accounting for no more than a few
cases each year. Mammalian reservoirs include species
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in the Carnivora and Chiroptera, but rabid dogs still
pose the greatest hazard worldwide.

Clinical symptomatology, once believed to be
unique, may be more variable, particularly in bat-re-
lated cases. This causes diagnostic confusion. Differ-
ences in cellular tropism either at the inoculation site
or in the nervous system, as well as differences in rourtes
of spread, viral variants, and participation of host fac-
tors, may account for this diversity. Unreliable epi-
demiologic data and the complexity of clinical muni-
festations are compounded by limitations in diagnostic
laboratories. With rapid movement of people and ani-
mals, cases can appear in regions where rabies has been
eliminated or never recorded. Strict adherence o WHO
guidelines for rabies prophylaxis has proven effeciive,
and deviations should not be allowed. Physicians should
diagnose and differentiate rabies from other neurologic
conditions and understand how to provide proper pos-
texposure prophylaxis (PEP).

> HISTORY

Rabies is one of the oldest recognized infectious dis-
eases. Few other maladies possess the mythical linkage
with animals, exposures, and ensuing dramatic illness.
Although the annual disease burden is less than direct
human contagions such as smallpox, influenza, and ac-
quired immunodeficienct syndrome (AIDS), the striking
clinical manifestations and inevitably fatal progression
of rabies have secured its place to the present as the
most important viral zoonosis.2 Ancient civilizations
were aware of the disease > Passages described in the
pre-Mosaic Eshnunna Code of Mesopotamia from the
twenty-third century B.C. harken to the dangers of bites
from the “mad dog,” as well as the ensuing legal penal-
ties 10 the dog’s owner. Familiarity with rabies is ap-
parent from Greek, Roman, Hebrew, and Chinese lit-
erary, religious, and medical writings. Careful observers
surmised that a poison or a “virus™ was present in saliva.
Inquisitive scholars rightly noted clinical aspects of in-
fection, including that the patient seemed tortured by
thirst and the concomitant repulsion toward water. Early
suggestions for treatment included excision of tissue
and cauterization of the wound, as well as dunking vic-
tims into water, and all manner of ingested potions and
apothecary concoctions. Throughout the ages, various
talismans were believed to be curatives, as was the need
for divine intervention. Although superstitions and sup-
posed cures would persist to the present day in several
cultures {including the suggestion for salves of hot chili
peppers or animal venoms applied directly 1o the
wounds), many examples from the classicai periods to
the Renaissance contained otherwise remarkable mo-
ments of ctarity and pragmatism. For example, the Ial-
ian physician Fracastoro, in a treatise of 1546 entitled,

The Incurable Wound, vividly described a human case:
.. .its incubation is 5o stealthy, slow and gradual tha
the infection is very rarely manifest before the 20th day,
in most cases after the 30th, and in many cases not un-
til four or six months have elapsed . . . cases recorded
in which it hecame manifest a year after the bite . . |
the patient can neither stand nor lie down; like a mad-
man he flings himself hither and thither, tears his flesh
with his hands, and feels intolerable thirst . . . the mos
distressing symptom, for he so shrinks from water and
all liquids that he would rather die than drink or he
brought near to water; it is then that they hite at other
persons, foam at the mouth, their eyes look twister. and
finully they are exhausted and painfully breathe their
last.”®

Despite its widespread occurrence and recogaition
in the Old World for apparently thousands of yeurs, the
history of rabies in the New World is complicated by
a paucity of written records prior to European colo-
nization. Likely, it was present well before Columbus’
arrival in the fifteenth century. For example, as cited by
Koprowski in an allusion to vampire bats, the bishop
Petrus Martyr-Anglerjus wrote: “ . . . in places bats not
much smaller than twrtle doves used to fly at them in
the early evening with brutal fury and with their ven-
omous bites brought those injured 1o madness, . . . bas
. .. come in from the marshes on the river and attack
our men with deadly bite.” Several hundred years would
elapse before the major role of bats in rabies was bet-
ter appreciated.” Elsewhere in North America, a rabid
wolf was reported by the Reverend Lucio Marmolejo in
Mexico during 1709, and some 200 years after initial
Spanish invasion, canine rabies was described in 1753
from the Virginia Colony and later among foxes.* Hu-
man migration had left its mark, and the risk posed by
translocation of animals as viral portals contnues to this
dav,

For centuries, the bite of a rabid animal wus
thought to be the likely source of rabies infection. but
it was Zinke (1804) who demonstrated experimental
disease transmission using dog saliva.? In 1879, Galticr
experimented with rabies in rabbits as a model and
transmission from rabbit to rabbit.? Clinical descriptions.
paired with animal incculation, formed the basis for ra-
bies diagnosis until the advent of light microscopy and
observation of microscopic lesions. Negri (1903) de-
scribed the cytoplasmic inclusions that bear his name
(Negri bodies) in neurons of rabid animals.’? While the
value of Negri bodies was appreciated and debated
throughout the twentieth century, their nature and com-
position awaited development of electron microscopy
in the 1960s (when virions actually were visualizeds.
Laboratory-based diagnostics did not improve significantly
until development of the immunofluroscent technique. !

Pasteur’s collected work on rabies is protably the
best known historical achievement in the field.!? Build-



ing on the knowledge that preceded them, Pasteur and
his colleagues in their cramped Parisian quarters
adapted the virus to animals and succeeded in aler-
ing its properties. This remarkable French team applied
basic scientific concepts and approaches toward the
first protective protocol against rabies. Desiccated
spinal cords from infected rabbits formed the raw ma-
terial for the vaccine. Progressive inoculations of ma-
terial, from oldest to freshest, amounted to increased
doses of infectious viral inocula. Despite severe reser-
vations over preparedness for human experimentation,
on July 6, 1883, a young boy, Joseph Meister, who was
bitten at multiple sites by a rabid dog 3 days earlier,
received the first of multiple inoculations of vaccine
and, to everyone's relief, became the first registered
survivor.

After considerable mediczl debate, Pasteur’s
method became the accepted approach throughout the
world in the early twentieth century as other vaccine
evolutions began.!* Gradual improvements to the tech-
nique included the addition of chemical fixation and
adaptation to duck embryos and suckling mice to im-
prove vaccine safety.!*17 Continual modifications were
needed because improperly inactivated virus could
cause rabies. and brain tissue induced neuroparalytic
accidents.’® Also, vaccine alone was not totally effec-
tive in cases of severe bites, such as those inflicted on
the face and head by rabid wolves. Postexposure pro-
phylaxis (PEP) against rabies through the simultaneous
administration of antirabies serum and vaccine was sug-
gested as early as the late 1800s.)? The combined ap-
proach found few adherents uniil the 1940s, when in-
ternational interest was revived. After a WHO-sponsored
trial in 1954, analysis of the combined use of serum and
vaccine was found to be more effective than vaccine
alone.?%2! Today, the combination approach is the rec-
ommended standard for human rabies prophylaxis.

Additional adaptation of the virus to primary and.
later, continuous cell lines removed the need for ani-
mal vaccine production.??* In the 1960s and 1970s, a
rzbies virus grown in human diploid cclls was used as
a source of purification and concentration for produc-
tion of a safe and efficacious vaccine?* and eliminated
many of the problems connected with neuronal tissue
and poor potency from other cultures. The human
diploid cell vaccine (HDCV) is used widely throughout
the world, although for economic reasons several de-
veloping countries still use nervous tissue vaccines. Af-
ter demonstration of the primary utility of HDCV, other
cell-culture vaccines were developed, including those
produced in Vero cells and avian embryos.?5 Newer
senerations of vaccines throughout the twenty-first cen-
tury have an impressive legacy to exceed and will carry
the considerable burden of maximum purity, potency,
efficacy, and safety while still being affordable in those
regions afflicted with enzootic dog rabies.
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» EPIDEMIOLOGY

A better understanding of the epidemiology of this
complex zoonosis requires an appreciation of the agent,
its hosts. and the environmental facets that will shape its
distribution over time.?® At one point only a single agent
was believed to cause rabies. However, in the 19G0s
and 1970s, various serotypes were suggested between
rabies virus and what were then termed rabies-related
viruses before use of the designation Lyssavirus?” Dur-
ing the 1970s and 1980s, placement within the taxo-
nomic group was defined by serologic cross-reactivity
of viral antigens (e.g., by complement fixation, in-
munofluorescence, neutralization tests, eic.) based on
antigenic sites on the nucleoprotein (N) and glycopro-
tein (G) using monoclonal antibodies (MAbs). 22 Maore
recently. sequence data became available, with a trend
toward phylogenetic classification.*3% Application of
MAD typing and gene sequencing to the study of lyssa-
viruses provided substantive evidence for considerable
antigenic and genetic variation. Major virus species cur-
rently or putatively assigned to the Lyssavirus genus. 3
all isolated from mammals, include rabies virus, Lagos
bat virus (LBV), Mokola virus (MOK), Duvenhage virus
(DUV). European bat virus type 1 (EBV-1), European
bat virus type 2 (EBV-2), and Australian bat virus (ABV).
Several viruses, such as Obodhiang and Kotonkan,
found only in Africa and originally isolated from mos-
quitoes or midges,3 and Rochambeau virus,3® isolated
from mosquitoes in French Guiana, have been sug-
gested by some for consideration in the genus, primurily
based on serologic data alone, but are unlikely candi-
dates. Other more likely Lyssavirus prospects, such as
those isolated from bats, with shared antigenic and ge-
netic propetties, and known to produce encephalitis,
await ultimate taxonomic assignment.??

Modern molecular methods have been particularly
useful in detennining the extent of natural variation
among lyssaviruses isolated from wildlife reservoirs
within restricted geographic areas or from separate con-
tinents over time.® In particular, distinctions between
viruses isolated from bats and terrestrial carnivores be-
came obvious:* Notwithstanding genetic variation and
the general tendency or relatively rapid evolution of
RNA viruses, striking global patterns have emerged that
are highly suggestive of a rather conservaiive strategy
presented by any particular variant.?® Intragenotypic vi-
ral clusters are distinguishable, suggestive of historical,
geographic, or host-species relationships. Combined
with historical temporal and spatial disease surveillance
data, antigenic characterization with MAbs and nucleo-
tide sequence analysis can help to assign isolates to dif-
ferent animal rabies reservoirs. In addition, antigenic
and molecular characterization is useful in investigating
unusual or unexpected montality from rabies, especially
in domestic animals or humans with no obvious expo-
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sure history. The antigenic pattemns or nucleotide se-
quences obtained can be compared with variants from
known animal reservoirs. For example, analysis of re-
cent human rabies cases from the United States impli-
cate specific viral variants associated with insectivorous
bats in the etiology of infection %2

Rabies js enzootic on all continents except Antarc-
tica. Rabies virus is the prototype species of the
Lyssavirus genus and can infect warm-blooded animals
(including birds) under experimental conditions, but
only mammals are significant natural hosts. Host range
is broad, stretching from an exotic alphabet of species
from armadillos to zebras, but most of these are epi-
demiologic dead ends, even if an episode is as dramatic
as an infected pachyderm.3 Major species responsible
for transmission include dogs, foxes, jackals, coyotes,
wolves, cats, raccoons, skunks, mongoose and their rel-
atives. and bats.¥ Several countries, such as Japan and
many islands, are reportedly “rabies free” either because
of their isolation or due 10 considerable animal control
efforts. but bats can reach even distant islands.*

The lyssaviruses DUV, LBV, and MOK are restricted
1o Africa. Although bats and small mammals such as
shrews have been suggested as potential reservoirs,
relatively little is known about these African agents com-
pared with rabies virus. Compared with other
lvssaviruses, MOK appears to be the most disparate
member recognized to date, with divergent amino acid
changes in the antigenic sites mapped 10 the G protein,
partially explaining the absence of cross-protection with
vaccine,i8 [n Europe, phylogenetic analysis of EBV
suggests at least two genetically distinguishable lin-
eages, possibly related 1o spatiotemporal iniroduction
from different geographic locations, such as North
Africa.*® Bats, such as Eptesicus serotinus, Myotis dasy-
cneme. and M. daubentonii, appear 1o be principal
reservoirs for EBV. Australia was believed to be free of
the disease until 1996,3 when indigenous lyssaviruses
were discovered among bats. These viruses appear to
use either frugivorous Megachiroptera or insectivorous
Microchiroptera as primary reservoirs and have caused
ar least two human deaths. The ultimate iniportance of
the nonrabies lyssaviruses remains a matter of specula-
tion. All mammals are likely susceptible to some de-
gree, but experimental resulis suggest a rough hierarchy
for species susceptibility. However, most experimental
animal studies occurred before antigenic or genetic dif-
ferences berween lyssaviruses were appreciated. Wild
canids are very susceptible 1o infection. Cats, important
as vectors but not as reservoirs, and some wildlife
species. such as raccoons. appear moderately suscepti-
ble 1o infection. The opossum {(Dideiphis virginiana)
appears especially resistant.’! Despite their varying abil-
ity to infect different cell cultures, no lyssaviruses have
been isolated from cold-blooded vertebrates. Laboratory
rodents. such as mice, have been used extensively for

rabies diagnosis, vaccine testing, and pathogenesis stud-
ies, but laboratory rodents are epidemiologically in-
significant as Lyssavirus veciors or reservoirs®? com-
pared with species among the Camivora and Chiroptera.

An accurate calculation of the true incidence of
human rabies from a global perspective is difficult due
to the lack of reporting and accurate diagnosis in most
developing countries but has been estimated at between
0.1 to 29 cases per 1 million inhabitants.? In develop-
ing countries, although most age ranges may be repre-
sented, most are young (<20 years), and more than 30
percent are male.>* Clearly, human rabies may be pre-
vented by avoiding exposure to rabid animals or by the
application of prophylaxis after exposure occurs. Prac-
tical animal control efforts should be based on local ra-
bies epidemiology. Most developed countries have elim-
inated canine rabies, and human fatalities are at or near
zero, either imported or related to wildlife cases. Nev-
ertheless, when exposures do occur, especially en
masse, most tend to be associated with an infecied do-
mestic animal, even in the United States.>%

In effect, Lyssavirus epidemiology is influenced in
part by host species distribution, abundance, demo-
graphics, behavioral ecology, dispersal, and interactions
with humans. Due to its severe consequences when ig-
nored, rabies is a reportable disease in several, but not
all, countries. Epidemiologic information on rabies usu-
ally originates from results of the examination of brain
material submitted to public health or veterinary diag-
nostic laboratories when contact with wildlife or a do-
mestic animzl is suspected. The spatiotemporal distri-
bution and relative intensity of rabies infection in
various mammalian species thus often are described
based on the passive monitoring of suspicious contact
cases and frequently on a clinical basis cnly.

Rabies virus does not persist in the environment
but rather is perpetuated in a variety of reservoirs. The
dog is the principal host and major vector of rabies
throughout the world. 56 International reporting of both
human and animal rabies cases, suggested in the iens
of thousands and tens of millions, respectively, grossly
underestimates the magnitude of the problem. Pre-
dominam wild reservoirs include foxes in Arctic areas
(Alopex lagopus), central and western Europe (Vidpes
vulpes), and scattered foci elsewhere throughout the
United States (e.g., Urocyon cinereoargenteus); the rac-
coon dog (Nycterettes procyarnoides) in Eurasia; jackals
(Canis species) and other wild canids in Asia and Africa;
skunks (Mepbitis mephitis, Spilogale putorius) in North
Ametica; procyonids, such as the raccoon (Procyon fo-
to#), in the eastern United States; and viverrids (e.g., the
yellow mongoose, Cynictis penicillatg) in Asia and
Africa. The Indian mongoose (Herpestes auropuncia-
tus) was introduced into several Caribbean islands dur-
ing the nineteenth century and persists as a major agri-
cultural and public health threat. Rabies detection in



rocdents and lagomorphs is uniformly rare. Bat rabies
(due to true rabies virus, as opposed to ABV, DUV,
EBV, LBV, etc.) predominates as a New World phe-
" nomenon, described primarily among the insectivorous
species of the United States and Canada (some 40
species) and the three hematophagus vampire species
(principally Desmodus rotundus) ranging from northern
Mexico to Argentina. Renewed investigations suggest
ihat other bat species also may be important through-
out Latin America. )

In contrast to parts of Europe and North America.
where wildlife rabies predominates, in Asia, Africa, and
much of Latin America, dogs continue to be the prin-
cipal causative vectoars to humans, Vaccination of a crit-
ical percentage of dogs, on the order of 40 to 70 per-
cent, should be adequate to interrupt canine rabies
ransmission.>” Realizing the importance of dogs as the
primary reservoirs, the Pan American Health Organiza-
tion began a program in 1983 to eliminate urban rabies
from the principal cities of Latin America by the vear
2000, and results to date have been very encouraging.®
From the 1980s to the 1990s, the annual number of hu-
man rabies cases decreased from some 350 to less than
114; rabies-specific mortality declined from 1.3 to less
than 0.2 deaths per 1 million exposures, and the pro-
portion of 414 cities free of rabies increased from 73
percent to more than 80 percent. These results suggest
that widespread vaccination of canine populations can
reach sufficient levels for the herd immunity needed 10
prevent rabies epizootics and that elimination of canine
rabies, at least in major urban areas, may be an achiev-
able goal. Rabies transmission by hematophagous bars.
unique to the Americas, is an emerging public health
problem, in addition to being a historically important dis-
case of livestock with widespread economic implications.

Properly applied, regional epidemiologic surveil-
lance on animal rabies can reduce human morbidin:
{from inappropriate treatment) and mortality ascribed
1o lyssaviruses significantly by identifying typical versus
unlikely reservoirs, developing treatment algorithms, as-
sessing occupational groups at risk, and targeting vet-
erinary efforts in animal control. Efforts in the United
States illustrate the benefits of a systematic surveillance
approach that defines rabies as single- or multiple-
species assemblages.’? For example, during 2001, 7437
cases (an increase of ~1 percent over 2000) were
recorded. In contrast to widespread canine rabies of the
1940s, more than 90 percent of current cases are from
wildlife. Most of the cases (37 percent) resulted from
the continued spread of raccoon rabies due to pro-
gression of an outbreak initiated in the tate 1970s when
animals from an infected location in the southeastern
United States were transported 1¢ the Virginias. Rabies
cases increase after primary introduction, whereas the
infection spreads successively within local popula-
tions.% Other major wildlife contributors included bats

CHAPTER 11 RABIES 155

(17 percent), skunks (31 percent), and foxes (6 per-

" cent). Cases of coyote rabies from an outbreak insouth-

ern Texas continued substantial decline. Doémestic
species included cats (4 percent), cattle (1 percent), and
dogs (1 percent). Historically, Hawaii remained the only
rabies-free U.S. state, never having reported a case of
indigenously acquired rabies, due in part to its remote
location.

Rabies is not considered a practical candidate for
actual global disease eradication at this time because of
the numercus wild reservoirs. However, the historical
correlation between the reduction of canine rabies and
decreased human fatalities has led to the successful ap-
plication of herd health programs using vaccine-laden
baits for wildlife, which ultimately may help to reduce
the associated disease burden, if it can be accomplished
over large areas with diverse hosts of high population
density in a cost-effective manner %!

> CAUSATIVE AGENTS

Together with its taxonomic allies, rabies virus with its
distinct bullet shape is in the family Rhabdoviridae and
in the genus Lyssavirus. Both terms are of Greek de-
rivation, meaning “rod” and “rage or frenzy,” respec-
tively.5263 Al present, the genus Lyssavirus contains
seven putative genotypes. Rabies virus is representative
of genotype 1, whereas the other six genotypes are
composed of: LBV {(genotype 2), MOK (genotype 3),
DUV (genotype 4), EBV-1 and EBV-2 (genotypes 5 and
6), and ABV (genotype 7). All of these, excepl geno-
type 2, have been associated with human disease (how-
ever, one has to realize that few diagnostic facilities ex-
ist in Africa with the laboratory ability 1o detect and
differentiate non-rabies virus infections). Clinical mani-
festarions in most Lyssavirus infections share several fea-
tures of a classic rabies encephalitis.* Rabies virus and
the other members of the family Rhabdoviridae, as well
as several other RNA virus groups (the families Paramyx-
oviridae, Filoviridae, and Bornaviridae) that contain
nonsegmented, negative-sense, single-strand RNA
genomes, constitute the order Mononegavirales.
Rabies virus particles measure approximately 180 X
75 nm. Its genome consists of 11,932 or 11,928 nucle-
otides [based on an analysis of Pasteur virus (PV) and
Street Alabama Dufferin (SAD)»-B19 strains, respectively)
and contains a leader sequence at the 3" end, followed
by five monocistronic genes that encode the nucleo-
protein (N), phosphoprotein (P), matrix protein (M),
glycoprotein (G), and RNA transcriptase (1).9293 At the
core of this bullet-shaped virus is the ribonucleoprotein
{RNP), which consists of helical RNA and the N, P, and
L proteins. The M and G proteins are associated with
a lipid bilayer envelope. The G protein forms approx-
imately 400 trimeric spikes covering all but the flat end
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of the virion. The events during infection require tran-
scription of these genomes to produce complementary
messenger RNA (mRNA) molecules for synthesizing
their corresponding proteins and a full-length positive-
strand intermediate RNA. This antigenome RNA serves
as the template for replication. Transcription and repli-
cation are ensured by the-RNP complexes of the N, P,
and L proteins. The classic neuronal inclusion, or Ne-
gri body, is an accumulation of intracellular maurix
formed by an excess amount of RNA-protein complex.

> PATHOGENESIS

Rabies is the quintessential neurotropic virus infection.
It is considered the most dramatic infection of the ner-
vous system owing 1o its high fatality rate, unpredictable
incubation period, and horrific clinical picture, Rabies
virus may infect all mammalian species. However,
species have different levels of susceptibility and vari-
able transmission potentials.®5 Foxes and other wild
canids are extremely susceptible to infection.® The
pathogenesis of rabies virus infections ¢an be consid-
ered according to “bite” or ~nonbite” acquisition. How-
ever, it is the bite route that usually accounts for hu-
man disease. Sequential steps or cascades following
peripheral inoculation of rabies virus include an eclipse
phase, access to the peripheral nerve (with or without
replication in peripheral tissues) with centripetal spread
to the central nervous system (CNS), dissemination
within and spread from the CNS to extraneural sites
(particularly the salivary glands), and neuronal dys-
function and dearh.

Exposure

Human rabies cases are almost always attributable 10 a
bite from a rabid animal. Animal bites were the cause
of 99 percent of 3920 human rabies cases examined at
Pasteur Institutes throughout the world in the first half
of the twentieth century.% Virus does not enter intact
skin. Although it is an almost universally fatal disease
once signs develop, not all bites from rabid dogs result
in death. Mortality after untreated bites by rabid dogs
varies from 38 o 57 percent.65'67 However, exposure
to rabid animals of other species, such as wolves, may
result in 80 percent or more mortality. Efficient trans-
mission, therefore, depends in part on the degree of
severity of the bites, the locations of the wound, the
quantity of inoculum in the saliva, and the varianr of
the virus.

Bites at areas that contain a high density of nico-
tinic acetyicholine receptors (AchR), such as the head
or face, particularly with bleeding, carry the highest risk
and usually are associated with a shorter incubation pe-
riod due to proximity to the CNS. Highest mortality
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tends to occur in persons bitten on the head and Face
(up 1o 80 percent or more), with intermediate mortal-
ity in those bitten on the hands or arms (15 to 40 per-
cent) and least in those bitten on the trunk or legs (5
1o 10 percent) or through clothing (<5 percent), when
no specific prophylaxis was initiated. %% Nevertheless,
single bites at any location that are deep enough o
reach the muscles should be treated with the same ur-
gency.”® The risk of rabies acquisition is at least 50 times
higher with a bite than with scratches (5 to 80 percent
versus 0.1 to 1.0 percent).”! Most recent bat rabies—
associated human deaths did not have a reponted ex-
posure source, but these cases are likely due to bat
bites in which either the risk was not appreciated or
the bites were not recognized by the patient owing
partly 1o the unique ability of these agents to replicate
in the nonneural tissues 4%7273 ‘

Nonbite transmission includes inhalation from
aerosolized virus in caves inhabited by millions of ra-
bid bats and in laboratory accidents with aerosolized
virus.? Transmission is also possible by handling and
skinning of infected carcasses and through corneal
transplantation. Other exposures, such as aerosols, licks,
scratches, or other unusual events that lead to contam-
ination of an open wound or mucous membrane, rarely
cause rabies.}%3 Although there is a potential risk from
contact with patients, because secrctions commonly
contain viable virus,”$78 there are no such documented
cases.5%77 Since secretions contain viable virus, masks
should be worn when caring for these patients,
Transplacental transmission has been reported very in-
frequently and has not been verified recently. The po-
tential mechanism for such an unusual occurrence is
not known. In contrast, infants born 10 mothers with
rabies were found to be healthy.™ Immediate rabies
PEP and interferon were initiated at delivery. The im-
portance of oral rransmission of rabies infection remains
uncertain, although this can occur under experimental
conditions in animal models either by direct oral route
or by gastric tube administration.”” Rabies PEP was
given 10 people who consumed nonpasteurized milk
from a rabid cow without incident."

Transit to the Central Nervous
System (CNS)

Eclipse Phase Versus Direct Nerve Entry
Another characteristic of rabies is an extremely variable
incubation period, which may range from less than 7
days to more than 6 years 1% Persistence at the site
of exposure may explain the long incubation period.
Those who died in less than 1 week usually sustained
a direct injury to a nerve or brachial plexus from dog
bites.

Following a successful introduction into the
wound, rabies virus may go directly into nerves. This



ability was confirmed by inoculation of rabies virus into
the anterior chamber of the eye in rats and in a mouse
model by inoculation into the masseter muscle or the
forelimb.7®85-87 Altematively, rabies virus may be lo-
calized within the muscle cells, at the neuromuscular
junction, or in the skin at the site of exposure and un-
dergo an “eclipse” phase. The eclipse phase during in-
cubation specifically refers to the period after viral en-
« in the periphery and passage in the axoplasm when
we are in the dark as 10 where virus may be or in what
form, hence in eclipse or unable to be visualized. The
eclipse phase ends when virus may be detected in the
CNS, but in the more common scenario, this occurs with
the onset of clinical disease. The role of rabies virus
persistence in bone marrow cells to explain this eclipse
phase is still intriguing but unproven.®™ The faciors that
-ontrol the length of this silent period are undefined.

In the case of canine rabies virus. the viral G pro-
tein (residues 174 to 202) may bind to the alpha sub-
unit of the nicotinic AchR on the muscle and subse-
quently multiply in the muscle cells.?¥** In one study
in skunks, rabies virus antigen and genome could be
demonstrated as long as 2 months after inoculation into
muscle ® In the case of some bat lyssaviruses, the virus
may bind to unknown receptors in the epidermis or
- ermis. %72 This silent phase of localization at exposure
sites, in turn, provides an opportunity for host immune
clearance and for PEP.%

Centripetal Spread to the CNS

After budding from the plasma membrane of muscle
cells, virus is taken up into unmyelinated nerve end-
ings at the neuromuscular junctions or 2t the muscle
»indles. Rabies virus is transported to the CNS via ret-
rograde fast axonal transport, which can be blocked by
colchicine or vinblastine injection.”” Studies in rhesus
monkeys indicate that motor nerves are preferentially
involved.?8 Rabies virus P protein (residues 138 1o 172)
interacts with dynein light chain 8 (LC 8), a component
in actin- and microtubule-based transport, in this retro-
grade movement within the peripheral nerve and in the
IN§.9%-101 The virus replicates again in the dorsal root
gunglia and anterior horn cells.!%? At the dorsal root
ganglia, viral replication may be recognized and at-
tacked by immune cffector cells, resulting in gan-
glioneuronitis and a clinical prodrome of neuropathic
pain at the exposure site.!'?? This local prodrome is
found more frequenitly in bat-related than in dog-retated
cases (70 versus 30 percent).?3! Some bat rabies virus
variants also may replicate more effectively in the skin
*han in the muscle.’ These observations suggest a pref-
vrential sensory pathway in bat-relaied cases.

Travel from the peripheral nerves to the CNS oc-
curs at a constant rate of 8 to 20 mm/day. However,
the fiest development of the local prodrome, even with
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the absence of any other neurologic deficits, defines the
patient’s fate. Studies with the fixed-challenge virus stan-
dard strain of rabies virus in cocultures of chick spinal
cord and muscles showed that the neuromuscular junc-
tion is the major site of entry into neurons.* Colocal-
ization of virus and endosome tracers within the nerve
terminals, which subsequently accumulate in axons and
nerve cell bodies, indicates retrograde transport of en-
docytosed virus from motor-nerve terminals.

Although nicotinic AchR is an important rabies virus
receptor for virus spread from the inoculation site 1o
the CNS. it is unlikely to be the only receptor that me-
diates viral entry into neurons. Nicotinic AchR is not
present on all types of neurons susceptible 10 rabies
virus. Rabies virus also may use other central receptors,
such as carbohydrates, phospholipids, gangliosides, the
neural cell adhesion molecule (NCAM or CD56), and
low-affinity nerve growth factor receptor p75 neu-
rotrophin receptor (NTR) to gain entry into cells.”

Spread Within the CNS

Once the virus is in the neurons, rapid amplification
and dissemination take place. Virus disseminates
through plasma membrane budding and direct cell-to-
cell transmission or by transsynaptic propagation, which
occurs exclusively by retrograde axonal transport. %8:102
It is not known which tract is preferentially involved.!®
The G protein is required for attachment to neuronal
receptors, as well as for transsynaptic spread 52193

The hippocampus was once believed to be pre-
dominantly involved, suggesting that virus localization
to this area may account for the altered behavior and
rage reaction. Subsequent studies showed that infection
involves the brain stem and thalamus most prominently
both in animals and in humans.’®-197 In human rabies,
rabies virus antigen is found predominantly in brain
stem, thalamus, and spinal cord regardless of the clin-
ical type if the survival period is less than 7 days.'®
Moreover, the hippocampus contains a minimal amount
of rabies virus antigen.'%1% Stydies in skunks infected
with skunk street rabies virus showed that the areas
that contained heavy accumulaticns were the motor nu-
cleus of the vagus nerve, midbrain raphe, hypoglottis,
and red nuclei.!® These street rabies virus—infected
skunks manifested as furious rabies.

Spread from the CNS

An important component of disease is the centrifugal
spread of virus back out of the CNS to peripheral sites.83
Specifically, virus is transmitted to acinar cells of the
salivary and submaxillary glands, resulting in salivary
excretion of virus. Transport of virus back out of the
CNS can lead to infection of head and neck tissues, The
observation of virus infection at these sites has resulted
in the recognition that biopsies of the nape of the neck
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are extremely helpful for diagnostic purposes % Addi-
tionally, virus can be found in corneal cells, drawing
the association between corneal smears and a rapid di-
agnosis of rabies infection; although this may not be as
sensitive as biopsies of the nape of the neck."? Thus
corneal transplants can be a source of infection for per-
son-to-person Iransmission, as reported.»®3 Virtually zll
‘organs can become involved following natural infec-
tion, including the heart, kidney, lung, and gastroin-
testinal tract. 96111112

» PATHOPHYSIOLOGY

Lack of Correlation Between Clinical
Severity and Pathology

The amount of rabies virus in the CNS does not appear
to determine the clinical and functional severity of the
disease. Access of the virus to the CNS does not nec-
essarily lead to a rapid development of symptoms and
death. High riters of virus in the brain and spinal cord
can be found in animals long before clinical signs ap-
pear.}!3 Rabies virus antigen has been demonstrated ex-
tensively in the frontal lobe of one paralytic rabies pa-
tient who had quadriplegia and respiratory failure
requiring ventilatory support. He was euphoric but still
fully conscious at the time of biopsy, which was per-
formed 19 days after onset of the clinical illness.!'® The
degree of muscarinic AchR functional moedifications in
the hippocampus of rabid dogs was not dependent on
the amount of virus,'?4

Pathologic findings, although similar to those en-
countered with other encephalitides, are significantly
less extensive. This is in drastic contrast to the striking
clinical symptomatology of hydrophobia, frenzied ac-
tivity, and bizarre behaviors. Perivascular cuffing, neu-
ronophagia, neuronal necrosis, and parenchyma! infil-
trations are limited.!97!11> Moreover, virus localization
may not solely explain limbic symptomatology or the
diversity of clinical manifestations (furious and paralytic
rabiés).

Furious and Paralytic Rabies

Differential Response Versus

Differential Infection

In human rabies, cerebral symptoms dominate the clin-
ical picture in furious rabies, and peripheral nerve or
anterior horn cell symptoms dominate the clinical pre-
sentation in paralytic rabies. There is no correlation be-
tween the two distinct clinical patterns and the site of
the bite, species of responsible vector. presence or ab-
sence of a history of previous immunization, and the
incubation period 03107108116 Almost all human rabies

cases in Thailand were associated with canine rabies

" virus of genotype 1. Similar regional CNS rabies anti-

gen distribution, as well as similar magnelic resonance
imaging (MRI) findings, could be found in both furious
and paralytic rabies.!97116 The brain stem and thalamus
were predominantly involved. An MRI in a case of non-
classic rabies due to a bat bite revealed similar find-
ings.!!” This suggests that functional changes and clin-
ical manifestations (including mood and behavior.
motor weakness, etc.) are due to a differential response
of the various CNS regions.)® Areas that contained a
minimal amount of rabies virus antigen, such as the hip-
pocampi, hypothalami, and subcortical white matter,
also were abnormal on MRI in both clinical forms. 118

Specific Rabies Virus Variants in Furious and
Paralytic Rabies
Different rabies virus variants associated with particular
vectors have been postulated to be responsible for these
clinical manifestations. Differences in G protein may af-
fect G protein-receptor interactions, such as nicotinic
AchR at the bite site, the NCAM (CD56), and the p73
NTR, as well as glycolipid or ganglioside CNS recep-
tors.%2 Minor variations on the G protein, such as an
amino acid substitution of arginine at position 333, also
can affect neuroinvasiveness and the use of differeru
neuronal pathways and distribution in the CNS.62 Fus-
thermore, some bat lyssaviruses may bind 1o other
unidentified receptors in the epidermis or dermis.”? Pa-
tients with some acquired bat-related rabies viruses are
reported to have clinical features substantially different
from those of dog-related cases.! In addition, the rabies
viral capsid P protein interacts with the microtubule
dynein light chain in retrograde axonal transpor. 82 Mod-
ifying the dynein light chain binding site can reduce
the efficiency of the peripheral spread of ceriain rabies
viruses.!%! Differences in genotypes or in associated
structures required for binding and transport may affect
rabies virus propagation and spread, thus resulting in
variations in clinical manifestations (nonclassic rabies).!

Arguing against the concept of specific rabies virus
variants in determining clinical manifestations, patients
with classic rabies displayed a stereotypic clinical pat-
tern and progression, unlike nonclassic rabies patients.’
Although rabies acquired after exposure to a particular
host, such as a vampire bat, generally is described as
the paralytic form, a recent outbreak of rabies in Peru
transmitted by vampire bats presented as the en-
cephalitic form, 8112 A single infected dog in Thailand
transmitted the furious form of rabies to one patient
and paralytic rabies ¢ another.110

Comparison of a 1432-, a 1575-, and an 894-nu-
cleotide region from the rabies virus N, G, and P pro-
tein genes of samples obtained from two furious and
two paralytic rabies patients associated with canine ra-




bies virus of genotype 1 showed only minor nucleotide
differences.!?® Deduced amino acid paterns of N pro-
tein were identical among both human and canine sam-
ples that belonged to the same geographic location re-
gardless of the clinical forms. All differences in the
amino acid of G protein were not in an interactive re-
gion with receptors known 1o be responsible for virus
pathogenicity, nor did they lie in an immunodominant
G domain. Arginine-333 was present in all samples.
None of the amino acid differences of P protein were
within the putative interactive site with dynein, These
findings support the concept that clinical manifestations
are not explained solely by the infecting rabies virus
variant.

Peripheral Nerve in Paralytic Rabies

The site of neural involvement responsible for weak-
ness in paralytic rabies is not clearly defined. There
have been no reliable electrophysiologic data defining
whether the defect is in peripheral nerve or anterior
hom cells. Nonetheless, a histopathologic study per-
formed in 11 paralytic rabies patients suggested pe-
ripheral nerve demyelination as the prime pathologic
change.'® Such demyelination was absent in patients
with encephalitic rabies.'3 In the 17 peripheral nerve
specimens studied, there was mild to moderate loss of
myelinated nerve fibers in 11 nerves. Segmental de-
myelination 2nd remyelination were present in 16
teased nerve preparations. Axonal loss of a variable de-
gree was present in only 4 cases, and Wallerian-like de-
generation in teased single fibers was noted in 6 nerves.
In 9 nerves, the primary abnormality was segmental de-
myelination and remyelination or myelinated nerve fiber
loss either singly or in combination. In none of these
cases was Wallerian-like degeneration seen as the only
pawiologic feature, All spinal nerves studies showed ev-
idence of Wallerian-like degeneration as well as seg-
mental demyelination.’?! Our recent study agrees with
a previous pathology report'?! that peripheral nerve is
the prime target.!'¢ There was an intense inflammation
and demyelination in spinal nerve roots corresponding
to enhancing nerve root lesions on MRL''S Inflamma-
tory reactions were much more intense in the spinal
cord in furious rabies patients. Only mild inflammation
of the spinal nerve roots of all levels was seen.

Immunologic Parameters in Furious and
Paralytic Rabies

The particular involvement of the peripheral nerves in
paralytic rabies, plus unexplained aggression and ex-
treme excitability in furious rabies (despite similar virus
distributions in the CNS and similar MRI patterns in the

brain) and the lack of specific virus variants, suggests -

4 participation of host factors. The degree of functional
impairment of muscarinic AchR in the brains of rabies
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virus—infected dogs does not correlate with virus distri-

“bution and virus load.™ Patients with intact T-cell im-

munity to rabies virus, with a high concentration of
serum interleukin 2 (IL-2) receptor and IL-6, die earlier
and present with furious rabies, whereas those lacking
such responses survive longer and present with para-
lytic rabies 108110122 140k of T-cell responses to virus
in paralytic rabies is not explained by excessive corti-
sol production or by a panimmunosuppressive process.
Cortisol concentrations, although significantly higher
than normal, were similar among patients with furious
and others with paralytic rabies. Reaction against myelin
basic protein was found in both furious and paralytic
rabies patients who died rapidly.1%8110.122 An immune
phenomenon also may be responsible for nerve injury,
although neutralizing antibody 1o rabies virus could not
be demonstrated in the cerebrospinal fluid (CSF) of par-
alytic rabies patients.!’® This immune phenomenon can
be further supported by a patient with furious rabies
who developed paralysis of all limbs soon after intra-
venous administration of human rabies immune globu-
lin (RIG).123 An immune attack against virus in the ax-
ons has been suggested in one Chinese paralytic rabies
patient.}24

Hypothetical Mechanisms in Furious Rabies
Participation of host response to neuronal infection also
may explain aggression, the rage reaction, and auto-
nomic stimulation signs in furious rabies.! Rabies virus
infection in the brain stem leads to the production of
cytokines and proinflammatory molecules, such as in-
terleukins 1 alpha/beta, 6, and 10; tumor necrosis fac-
tor alpha (TNF-a), interferons, nitric oxide, and
chemokines (Fig. 11-1). These cytokines can modify the
hippocampus and other limbic system functions, in-
ciuding electrical cortical activity, the hypothalamic-
pituitary-adrenal axis, and serotonin metabolism.?" In
furious rabies, these locally produced cytokines may
further activate the p55 TNF-a receptor, resulting in the
recruitment of T and B cells.!?® This action may lead
to the promotion of immune recognition against rabies
virus at “immune privileged” sites and provoke another
amplification of the cytokine cascade, intensifying the
limbic symptom pattern. Delayed mortality was ob-
served in mice deficient in the p35 TNF-e¢ receptor as
a result of an increase in interferon gamma and iL-10
and 2 reduction in inflammatory cells in the CNS.'%
Furthermore, if VB8 T cells are stimulated by rabies
virus nucleocapsid antigen,'?® more cytokines are pro-
duced, thus exaggerating the functional disturbance in
the limbic system even in the absence of virus in such
structures. This process possibly explains the relative
paucity of limbic dysfunction and the absence of cel-
lular immune activity to rabies virus in patients with the
paralytic form.
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Figure 11-1. Hypothetical mechanisms in encephalitic rabies. Production of proinflammatory molecules results
from rabies virus-infected neuronal processes in the brain stem. These substances, in turn, lead to functional
modification of the limbic system and stimulation of the hypothatamic-pituitary-adrenal (HPA) axis (arrow 1). In
furious rabies, the p55 TNF-a receptors also may be activated. Rabies virus antigen is thus recognized. Sub-
sequently, recruitment of immune cells and intensification of mbic symptoms and HPA stirmulation follow (ar-
row 2). Once VB8 T cells are stimulated by rabies virus nucleocapsid antigens (arrow 3), these cytokine cas-
cades are reamplified, exaggerating the disturbance of the limbic and sympathetic nervous systems.
{Reprinted with permission from Hurman rabies: A disease of complex neurcpathogenetic mechanisms and diagnos-
tic challenge. Lancet Neurol 1:101, 2002, Fig. 4; used by permission of Elsevier.)

Neuronal Death, Vulnerability of
Different Neuronal Type, and
Neurodestructive Immunity

Programmed cell death during rabies virus infection had
been proposed as a principal pathologic mechanism;
however, recent studies suggest otherwise.!?” Apopto-
sis appears to be one of the most important defense
mechanisms against rabies virus infection. Apoptosis
leads 1o depolymerization of actin filaments, which
would prevent transport of viral nucleocapsid protein
and the neuronal spread of virus. The extent of apop-
tosis correlates with the amount of expression of rabies
virus G protein in infected neurons.'?-13 Downregu-
lation of G protein expression in neuronal cells con-
tributes 1o pathogenesis by preventing apopiosis.!??
However, the process of cell death is also modulated
by the types of the neurons infected and the quality of
immune response to infecting virus, as well as its vir-
ulence.!3! There is a delay of apoptosis in spinal cord
motoneurons after rabies virus infection compared with
hippocampal cells.!3?

Nonfatal or abortive infection induced by the at-
tenuated strain of Pasteur rabies virus is associated with
paralysis.!3® This mechanism of viral clearance is me-
diated by local recruitment of T cells, as well as the de-
velopment of apoptosis of infected neurons and sur-

rounding cells, It is hoped that rabies virus clearance
can be made possible by other nonlytic mechanisms
than this neurodestructive immunity, as shown in the
Sindbis virus model.133

Depletion of metabolic pools by excessive virl
replication, which ultimately leads to downregulation
of expression of the late response gene and cell deatly,
is one likely explanation of the virulence of rabies
virus. %/

» CLINICAL FEATURES

Rabies continues to be underreported in most devel-
oping countries. One of the most important contribu-
tors to this is that diagnosis depends on symplomatol-
ogy alone. Rabies can manifest variably, and once coma
supervenes, there is no reliable sign.

Clinical features can be divided into five stages: in-
cubation period, prodrome, acute neurologic phase,
coma, and death or recovery.}6513% During the acute
neurologic phase, rabies can be distinguished clinically
as classic (furious or paralytic forms) and nonclassic
forms. Furious and paralytic forms also differ in the sur-
vival period (interval between onset of disease and
death) and immunologic features (see “Pathophysiol-"
ogy” above).




incubation Period

The incubation period of rabies is usually 1 to 2 months
after exposure. However, patients have been reported
who developed the first signs of rabies as early as 5
days after a severe dog bite injury to the brachial plexus
with possible direct inoculation of the virus into the
nerve.8! On the other hand, unusually long periods of
>~ months and 4 and 6 years have been reported.?
Thuse patients had Australian bat Lyssavirus infection
and canine rabies variant of genotype 1. The incuba-
tion period of more than 1 year is considered excep-
tionally rare. The WHO recommends that rabies PEP
should be given to an exposed person regardless of the
time that has elapsed since exposure, but PEP usually
is not administered after a time interval of longer than
! vear.% Absence of a history of exposure is not un-
«mmon in dog rabies-~endemic couniries, where ex-
posures frequently occur and tend 1o be neglected.!
This is also true in cryptic bat rabies cases, whose ex-
posure may be considered trivial.'>> Most deaths occur
because individuals are unaware that they had been ex-
posed and infected with rabies virus.!*

Prodrome

iodromal symptoms can be vague and nonspecific,
such as fever, muscular aching, flulike symptoms, diar-
rhea, abdominal pain, etc. Only local symptoms at the
bitten region in the form of burning, numbness, tin-
gling, itching, or pruritus are regarded as reliable indi-
cators of rabies.! This neuropathic pain is presumed to
be due to ganglioneuronitis. As many as a third of pa-
tients with dog-related infections (equally common in
lurious and paralytic rabies) and three-quarters of those
«ith bat-related disease may experience local symptoms.

The appearance of the local symptoms at the bit-
ten region marks the end of the incubation period, and
most patients die within the next 2 weeks. This local
reaction is intense and progressive, starting at the bite
site and spreading gradually to involve the whole limb
in a nonradicular pattern or the ipsilateral side of the
face. Rarely, these symptoms c¢an occur at locations re-
~nte from the bite site. Prodromal symptoms usually
iust only a few hours or days.

Acute Neurologic Phase

During this phase, objective signs of nervous system
dysfunction begin. Furious and paralytic forms of hu-
man rabies have been widely recognized, although the
latter is not easily diagnosed. These patients display a
“ireotypic pattern of manifestations (see below).1.6581
Increasing awareness of atypical forms of rabies has
.been emphasized 13 Both paralytic and atypical (or
nonclassic) forms of rabies may pose diagnostic prob-
lems not only in clinical practice but alse in disease
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surveillance. Underestimation of case numbers is un-

“doubtedly a contributory factor to rabies being ranked

low on the priority lists for disease-control programs. '3’

Classic Rabies

Classic rabies is almost always associated with true ra-
bies virus (genotype 1), particularly the canine rabies
virus variant. Mental status abnormalities can be seen
in patients with furicus rabies, as well as in some with
paralytic forms, but to 4 much greater extent in the for-
mer group.

Furious RaBIES. Two-thirds of patients with classic ra-
bies have a furious form, and the remainder present
with paralysis. Most furious rabies patients die within 7
days (average 5 days) of onset, and the survival period
is about 13 days in paralytic cases.}-65%1

The earliest feature is hyperactivity, aggravated by

iriternal (fear, thirst, etc.) and external (light, noise, etc.)
stimuli. Mentation is preserved, but attention span is
shortened. Fever, already apparent during the pro-
drome. is fairly constant, persisting through the preter-
minal phase. Cranial nerve deficits are detected rarely.
Focal neurologic deficits, such as hemiparesis and hemi-
hypalgesia, are not present. Seizures and hallucinations
are rare. There are three major cardinal signs of furi-
ous rabies:

Fluctuating consciousness. Mental status alternates
between periods of progressively more severe
agitation and periods of relative normality and
depression (Fig. 11-2). The patient abruptly be-
comes confused and disoriented without any
warning. This bizarre behavior lasts only for min-
utes and then abates. The patient then becomes
lucid and may not recall these events. Confusion
becomes severe and may evolve to wild agita-
tion and aggressiveness. Between these episodes
of agitation the patient is drowsy but arousable.
The period of irritability is gradually succeeded
by impaired consciousness and coma. Biting be-
havior and barking have never been cbserved
(authors’ experience). The electroencephalogram
(EEG) is normal during the initial stage (Fig.
11-3). It will not be abnormal until the patient
exhibits severe aggression, with the appearance
of high-amplitude sharp and slow waves inter-
spetsed within the slow background (Fig. 11-4).

Phobic spasms. Aero- and hydrophobia are seen in
all furious rabies patients at some stage. These
spasms can be elicited by blowing or fanning air
on the face or chest wall or merely by offering
a drink or showing a cup of water. Aerophobia
and hydrophobia may not coexist and are not
necessarily associated with laryngeal spasms.
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Figure 11-2. Fluctuation of
consciousness in furious ra-
bies. This Is characterized by
aiternating periods of relative
nomality (A) and severe agi-
tation {B).

However, when these are present, the patient
may spit saliva. These phobic spasms (or startle
reactions) result from spasms of the accessory
neck muscles and diaphragm followed by neck
fiexion (or rarely by neck extension). During the
episcde, the patient may have a fearful facial ex-
pression. These phobic spasms cannot be ex-
plained by a conditioned reflex because many
patients have their first hydrophobic attack while

bathing with no previous swailowing difficulties.
Soft palate and pharyngeal sensations remain in-
tact, but the gag reflex is hyperactive. Phobic
spasms cannot be elicited once drowsiness and
coma supervene. However, these are replaced
by spontaneously occurring inspiratory spasms.
Since inspiratory spasms are less intense and less
frequent, they can escape notice, Opisthotonos,
a characteristic sign of tetanus, is extremely rare.




Figure 11-3. Electroencephalogram (EEG) in furious
rwoies displays a normal finding in the presence of
fluctuating consciousness.

Autonomic  dysfunction. Hypersalivation is a
unique feature. Transient reactions can include
fixed, ditated, or constricted pupils; anisocoria;

-localized (usually on the bitten region) or gen-
eralized piloerection; pulmonary edema (only in
3 among more than 170 patients in our experi-
ence); excessive sweating; priapism: and spon-
raneous ejaculations.

PARALYTIC RaBiES. This form of rabies resembles the
axonal form of Guillain-Barré syndrome (GBS), acute
motor axonal neuropathy (AMAN).! 2?3 The major car-
clinal signs appear late and are not prominent. Phobic

“1sms occur in only half the patients and are less ev-
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. Figure 11-4. Paroxysmal bursts of high-amplitude
sharp and slow waves appear only when the patient
becomes severely agitated.
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ident because of weakness. Many, but not all, ef the

" patients have weakness starting at the bitten limb. In

patients with facial bites, weakness initially may involve
facial and oculomotor muscles. Nevertheless, bilateral
symmetric weakness of the legs develops in all patients
regardiess of the bite site. Bilateral weakness in an as-
cending fashion progressively involves all limbs and the
pharyngeal, bulbar. and respiratory muscles. Facial di-
paresis is common (Fig. 11-5). Loss of deep tendon re-
flexes is found in all cases. Limb weakness is almost
always proximal; however, this also can be seen in GBS.
Sensory functions of all modalities are intact except, in
some cases, at the bitten region. Persistent fever from
the onset of weakness, intact sensory function. percus-
sion myoedema, and bladder dysfunction may differ-
entiate paralyiic mbies from GBS.'* Percussion my-
oedema is seen from the prodromal 1o the preterminal
stage.!¥ This is best elicited by percussion of the chest,
deltoid, and thigh regions with a4 tendon hammer and
consists of mounding of a part of the muscle ar the per-
cussion site, which then flattens and disappears over a
few seconds. Patients with extreme cachectic condi-
tions, hyponatremia, hypothyroidism, and renal failure
may have myoedema signs. Myoedema during the late
stage in rabies patients may be due in part to severe”
hyponatremiz from the syndrome of inappropriate sc-
cretion of antidiuretic hormone.

Nonclassic Rabies

Patients with bat-related rabies have been reported to
have clinical features substantially different from those
with dog-related rabies.1#1-113317 Neuroimaging studies

Figure 11-5. Facial diparesis in paralytic rabies.
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in classic and nonclassic rabies patients appear re-
markably similar.16117.140 [ oca] nenropathic pain dur-
ing the prodromal phase is more common in bat-re-
lated rabies. Moreover, there are reports of radicular
pain, objective motor and sensory deficits, and chorei-
form movements of the bitten limb. Focal brain stem
signs and myoclonus are observed frequently. Other pa-
tients have been described as having hemiparesis or
hemisensory loss, ataxia, vertigo, or Horner's syndrome.
Convulsive and nonconvulsive seizures and hallucina-
tions are common. Phobic spasms were described in
only one of six bat-related cases during 1997-2000.1.7

These atypical presentations have been ohsesved
in at least six patients with dog-related rabies since 1997
at Chulalongkorn University Hospital alone,!'3 These in-
cluded paraparesis, facial and bulbar weakness with
preserved arm strength or bilateral arm weakness, re-
peated spontaneous ejaculations, ocular myoclonus,
and hemichorea. One patient had nocturnal agitation but
remained calm during the day. Phobic spasms or auto-
nomic hyperactivity and hypersalivation were lacking.

Coma

Once a patient becomes comatose, it is extremely dif-
ficult to diagnose rabies. Although some suggest that
the oculocephalic reflex (doll's-eye response} disap-
pears early, this also happens in other viral encephali-
tis patients with brain stem involvement. Only inspira-
tory spasms can suggest the diagnosis of rabies at this
stage. The EEG is nondiagnostic and similar to cases of
metabolic encephalopathy (Fig. 11-8). Sinus tachycar-
dia, disproportionate to fever, is usually seen even when
hydration is adequate. This is followed by a nodal
rhythm and, in some cases, by supraventricular and ven-
tricular arrhythmias. Echocardiography shows reduction
of the ejection fraction at the time of, or even before,
hypotension. Viral involvement at the conduction path-

Figure 11-6. EEG during the comatose phase in rabies.

ways and myocardial involvement are the likely re-
sponsible mechanisms.! Coma precedes circulatory in-
sufficiency, a prime cause of death, in almost all cases.
Hematemesis is seen in 30 to 60 percent of patients §
to 12 hours before death,

Recovery

Eight rabies survivors have been reported to date.!-19)
Most of them had atypical presentations.18113 The firg
patient (1972), who was exposed to a rabid bat, had
unsteady gait, dysarthria, and hemiparesis. The second
(1976), exposed to a rabid dog, had quadriparesis and
generalized myoclonus at the early stage and later de-
veloped cerebellar signs, frontal lobe signs, and
bibrachial weakness. The third patient (1977) had aero-
sol exposure to a highly concentrated fixed rabies virus
strain. The five additional survivors include four Mexi-
can children (between 1992 and 1995} and one Indian
child (2002). Four patients were bitten by rabid dogs
and one by a vampire bat. Each patient promptly re-
ceived cell culture vaccine but not rabies immune glob-
ulin. Ali had significant sequelae, No spontaneous sur-
vivors have been reported to date.

> DIAGNOSIS

Antemortem Diagnosis

Clinical Features and Routine

Laboratory Findings

Diagnosis on clinical grounds alone causes an impre-
cise assumpition of low mortality from human rabies.
Lack of a history of exposure is common in bat-related
cases and is found in as many as 6 percent of dog-ie-
lated cases.''* Several patients with paralysis in Thai-
land had undergone plasma exchange because of a mis-
diagnosis of GBS. For a definitive diagnosis, all three
cardinal signs of rabies should be present. Such a di-
agnosis is ofiten not possible, Phobic spasms are evi-
dent at some stage. Many patients in developing coun-
tries seek medical attention late, and these signs cannot
be demonstrated once the patients become comatose.
In more developed countries, failure to diagnose rabies
may be explained by a lack of medical familiarity even
with typical clinical features of the disease. Morecover,
clinical presentations may be variable in most cases as-
sociated with exposure to rabid bats or other wild an-
imals’¥ and even to rabid dogs.®#!

There are no characteristic findings in routine lab-
oratory tests. The CSF examination is normal in most
cases or shows only mild pleocytosis with lymphocyrtic
predominance. The EEG shows no specific finding.

Neuroimaging
Computed tomographic (CT) scan of the brain is in-
sufficient to detect abnormal parenchymal changes in




OOTHREICO. . . - Ramatited) Hosplbe
B 17708, : g o “MESVEIMEER,
. DAY e

fAT=H
15‘.6; dec Ot

ET:0

TR:OD
TEIDD

ooteons S . i
Wose L2 - oy DFOV:ODxDDI

B

“igure 11-7. Axial {A) and coronal (8) Tz-weighted
iRl of the brain in a patient with furious rabies
demonstrating areas of increased signal intensity in
the pons (A} and subcortical white matter and hip-
pocampi (B). (Courtesy of Dr. Jirapom {.aothamatas,
Ramathibodi Hospital, Mahidol University, Bangkok,
Thatand.)}
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rabies. The MRI is more precise and can give specilic

" findings suggestive of rabies.V%'17 A nonenhancing

mild hyperintensity on Ta-weighted images in the brain
stem, hippocampi, hypothalami, subcortical white mat-
ter, and deep and contical gray matter can be demon-
strated in noncomatose rabies patients!'? (Fig. 11-7). En-
hancement with gadolinium can be seen only when the
patient becomes comatose (Fig. 11-8). Human rabies of
both forms demonstrate similar MRI abnormalities.

Similar abnormalities in the brain stem on MRI can
be seen in Japanese encephalitis (JE); eastern equine
encephalitis (EEE); rhombencephalitis from Listeria
monocytogenes, herpes simplex virus (HSV), and adenc-
virus infections; acute hemorrhagic leukoencephalitis
(AHL); acute disseminated encephalomyelitis (ADEM);
and Behger's disease.

The MRI findings in JE and EEE were similar to ra-
bies in terms of localization but without enhancement.
However, a much more prominent nonenhancing in-
creased signal abnormality on Ty-weighted MRI images
was found in the former with only a mild degree of
cortical gray and white matter involvement.}*3143 Foci
of hemorrhages are demonstrated frequently on MRI
and CT scan in JE but are unusual in rabies.!® The ab-
normality seen in adenovirus rhombencephalitis was
composed of 2 more prominent moderate hyperinten-
sity on Tr-weighted images involving the brain stem
and cerebellum with patchy enhancement along the pe-
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Figure 11-8. Postgadolinium sagittal Ty-weighted
MR! of the brain in a comatose patient with paralytic
rabies showing mild to moderate enhancement in
the hypothalamus, midbrain, dorsal pons, and upper
meduila. {Courtesy of Dr. Jirapom Laothamatas, Ra-
rmathibodi Hospital, Mahidol University, Bangkok, Thai-
fand.)
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riphery of the involved areas.'¥ The abnormality seen
in AHL and ADEM consisted of bilateral symmetric ab-
normal hyperintensities on T,-weighted images that se-
lectively involved the white matter of supra- and in-
fratentorial structures and spinal cord.™’ The MRI in
Behget’s disease involved basal ganglia, thalamus, and
the central part of the pons with the absence of a pre-
dominance of white matter lesions."46

Special Laboratory Tests

Serum and CSF can be tested for IgM and 1gG rabies
virus antibodies {in previously unvaccinated individu-
als), but these often are not positive when the patient
first presents.»'¥ Furthermore, this may produce vari-
able results among diagnostic laboratories,

Rabies virus antigen in the nerve plexus at the hair
follicles can be demonstrated by the fluorescent-anti-
body (FA) technique on frozen sections of the skin from
the nape of the neck. However, this may not always
be practical because it requires a dedicated cryostat.
Earlier studies suggested that the number of positive re-
sults tends to increase as the disease progresses, but
these findings were not always confirmed.” Comeal
and salivary impressions for detection of rabies virus
antigen may yield conflicting results partly due to dif-
ferences in technique and difficulty in interpretation.

Isolation of rabies virus in neuroblastoma cells from
saliva specimens is sensitive and specific. Results are
known within 48 hours; however, all samples tested
must be maintained frozen after collection with no
preservative. Patients who have serum rabies virus an-
tibody tend to have negative results.”

Brain biopsy is not practical but is highly sensitive
by the FA test. However, false-negative results can oc-
cur due to a relative paucity of virus antigen at the bi-
opsy areas, usually in the fromtotemporal region, dur-
ing the first few days after clinical onset.74!1° This can
be overcome by rabies virus isolation or molecular
detection.

Molecular technology can improve clinical diagno-
sis. Although molecular diagnostic facilities for rabies
are limited in developing countries, these do exist in
parts of India, the Philippines, Latin America, Sti Lanka,
and Thailand. The best specimens include saliva, tear
secretions, nuchal skin biopsy specimens, CSF, and
urine. Performing reverse-transcription polymerase chain
reaction (RT-PCR) or nucleic acid sequence—based am-
plification (NASBA) on several sequential samples is
mandatory in patients suspected of rabies because not
all samples are positive, 7475148149 Secretion of virus
is intermittent in saliva, urine, and even CSF. The CSF
appears to be the least sensitive source for rabies virus
RNA detection. Any PCR products will need 10 be se-
quenced for confirmation because of the occurrence of
nonspecific bands. Rapid clinical and, where available,
laboratory diagnosis is important to prevent potential

exposure to the health care team and to reduce anx-
iety and treatment costs.

Postmortem Diagnosis

A definitive test for rabies requires an examination of
brain tissue. Brain necropsy via the transorbital ap-
proach is an aliernative whenever a full autopsy can-
not be done. Brain examination should be performed
in all patients with encephalitis or paralysis who
progress to coma and death. The presence of inflam-
mation and Negri bodies is not always indicative of ra-
bies. Moreover, inclusion bodies may not always be
present.? The direct FA test on brain tissue remains a
gold standard in rabies diagnosis. Touch impressions of
Lrain tissue are made on glass slides and fixed in cold
acetone and subsequently stained with fluorescein
isothiocyanate-labeled polyclonal or monocional anti-
bodies against rabies virus antigens. Areas to be ex-
amined include brain stem, spinal cord, cerebellum, and
hippocampus. 106107

Although the FA test on brain impressions is sim-
ple, many developing countries have limited facilities
to do this, For example, in Thailand, where there are
33 FA diagnostic laboratories, the number of human
and animal cases diagnosed by laboratory analysis re-
mains low. Often without maintenance of the cold
chain, wansfer of the specimens for a FA test in many
rural areas cannot be done easily within 24 hours, be-
fore the brain begins to decompose (Ministry of Public
Hezlth report, Thailand, September 2002). Although
brain tissue samples can be stored frozen at the col-
lection site and during transport, this is not always pos-
sible in remote areas where there is no or little elec-
tricity. Molecular assays mav be useful, in such
conditions, in confirming a diagnosis and in epidemio-
logic surveillance. Results may be reliable, even in de-
composed brain samples.!3® Rabies virus RNA also can
be recovered from brain tissues dried on filter paper
and stored at room temperature after 222 days.!?!

> DIFFERENTIAL DIAGNOSIS

The differential diagnosis includes encephalitis caused
by pathogens that may selectively involve midline struc-
tures or those which are associated with behavioral
changes and includes arboviruses [JE, EEE, and West
Nile (WNV)} viruses), enterovirus 71 (EV-71), herpes sim-
plex virus (HSV), and varicella-zoster virus (VZV) in-
fections.3.153-157 A combination of the clinical symp-
tomatology, the presence of behavioral abnormalities
from the onset, the rapidity of disease progression (from
ounset to coma), the presence or absence of brain stem
signs, and MRI abnormalities may differentiate rabies
from other pathogens (Fig. 11-9). Most rabies patients

T - Ty



CHAPTER 11 RABIES

Consciousness level
(days 1-3 of .
clinical course}

167

Hapid' Slow
degeneration | degeneration
I |
MRI Jesicns Neurological
r | Behavioral  Manifestations ey
Midline White matter +/— motor I diffuse
1
Acute
JEV disseminated MR lesions
=V encephaio- H
Flavivirus myelitis Brasl?gsr:em Cordiroot
Rhomhbencephalitis Brainstem  Frontolemporal
I Thalamus Symmetry
LM Temporal Yes No
HSV tobe(s) HSV  MAI VLTI .
! brainsiem  brainstem
. JEV fesions tesions
avivirus i
rabies R.‘:,ﬁ:fs Jg\y
Yes No gﬁ“‘;
i i
EV71  Nipah EBV
JEV
HSV Yes No

Adencvirus Rabies VZV

Rabies (atypical) ;
vZV (lypical) CMV

EBV

Figure 11-9. Algorithm for the differential diagnosis of rabies. The model considers the rapidity of disease pro-
gression, clinical manifestations, the presence or absence of brain stem signs on clinical examination and/or
in MRIs, behavioral changes, MRI detalls, and the pattemn of spinal cord/root involvernent (see text for details).
JEV = Japanese encephalitis virus; LM = Listeria monocylogenes; HSV = herpes simplex virus; EV = enterovirus;
CMV = cytomegalovirus; EBV = Epstein-Barr virus; VZV = varicella zoster virus. (Reprinted with permission from
Rabies reexamined. Lancet Infect Dis 2:327, 2002, Fig. 11; used by permission of Elsevier.)

remain alert and able to communicate during the first
3 davs after clinical onset.

Patients with rabies and JE and HSV encephalitis
may or may not have dramatic behavioral changes. An
asymmetric MRI involvement with hyperintense lesions
on Txweighted images in the frontotemporal region fa-
vors HSV encephalitis. Absence of enhancing lesions
during the noncomatose phase and less intense signal
in Trweighted images may separatc rabies from other
brain stem encephalitides due 10 EV-71, JE, and ade-
ovirus infections. By comparison, HSV, VZV, and other
herpesvirus infections are infrequently associated with
brain stem lesions. Myoclonus and other brain stem
signs. such as bilateral ptosis and nystagmus (similar 1o
those in patients infected by bat rabies virus), have been
found in Nipah virus encephalitis of acute, relapsed,
and late-onset forms. However, the MRI usually shows
multiple and widespread discrete hyperintense lesions,
mainly in white matter, representing vasculitis in the
‘cute form and confluent lesions involving primarily the
vortical gray matter in late-onset or relapsed forms of
Nipah virus encephalitis.’>*'3% Diffuse flaccid paralysis
was found in 10 percent of patients with WNV en-
cephalitis. Asymmetric pure motor poliomyelitis-like

weakness can be seen in patients with JE and WNV in-
fections. An asymmetric radiculomyelitis may be due 10
infection with cytomegalovirus (CMV), Epstein-Barr
virus, and other herperviruses.

Acute hepatic porphyria with neuropsychiatric dis-
turbances. such as psvchosis, seizures, signs of auto-
nomic dysfunctions, and ascending paralysis with bi-
lateral facial weakness, may mimic rabies. Fluctuating
consciousness is observed in both conditions, but pho-
bic and inspiratory spasms are seen only in rabies. A
family history, ingestion of porphyrinogenic agents, se-
vere abdominal pain, and dark urine color after being
exposed to sunlight or added with concentrated nitric
acid with elevated urinary delta-aminolevulinic acid and
porphobilinogen should establish the diagnosis. Other
conditions mimicking rabies are substance abuse, alco-
hol withdrawal or delirium tremens, and acure sero-
tonin syndrome from taking serotonin reuptake inhibi-

. tors. Tetanus resembles rabies only in the form of reflex

spasms. Tetanus patients have a clear sensorium. Ri-
bies patients do not have persistent rigidity or sustained
contraction of the jaw, neck, back, and abdomen as
seen in tetanus. Spasms in rabies predominantly affect
accessory respiratory muscles and the diaphragm.
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whereas in tetanus spasms occur in axial muscles.
Opisthotonos is rarely, if ever, present in rabies.

The axonal form of GBS, AMAN, shares many clin-
ical features with paralytic rabies. Inspiratory spasms
with abnormal behavior may appear late in the clinical
course and may be masked by generalized paralysis
and superimposed metabolic disturbances that can oc¢-
cur in both conditions. Nerve conduction studies can-
not differentiate paralytic rabies from GBS.

In some parts of the world where nervous tissue
(sheep, monkey, and mouse brain)-derived rabies vac-
cine is still widely used, neuroparalytic accidents must
be included in the differential diagnosis. These devel-
oped in as many as 1-in 400 Semple vaccine—treated
patients but less often in individuals who received
mouse brain vaccine.!31) Delayed onset and a pic-
ture of chronic progressive encephalitis also have been
observed. Phobic spasms, local prodromal symproms,
and fluctuating consciousness are not present in these
poshvaccination reactions.

» MANAGEMENT

Comfort care should be the management goal for the
patient with rabies.'®? Previous attemipts at treating
symptomatic rabies patients have failed.'%8.!23 Invasive
procedures-and even respiratory support should be
avoided in virtually every laboratory-proven case of ra-
bies. Liberal use of barbiturates and intravenous mor-
phine are best for relief of the 1errifying attacks of anx-
iety. agitation, and respiratory spasms.

» PREVENTION

The WHO issued a current guideline for rabies pre- and
postexposure prophylaxis (PEP) in humans in Novem-
ber 2002 Cwnv.wbo.int/emic. diseases/zoo/RabiesPET pdf).
Due to reports of rabies prophylaxis failures,)-163-165 this
current guideline emphasizes the need 1o adhere strictly
1o its recommendations. Assessment of wounds or bite
exposures helps define the risk and the need to use
vaccine and RIG. Immediate washing and flushing with
soap and water and disinfection with appropriate agents
are as important as the use of vaccine and RIG. In less
developed countries, where the use of commercial tis-
sue-culture vaccines is not readily affordable, the prac-
tice of intradermal (ID) vaccination has been proven
effective and economical, Therefore, the use of nerve-
tissue vaccines, which carries serious side effects, should
be abandoned by the year 2006.

General Considerations in
Rabies PEP

Rabies PEP is a medical emergency and, as a general
rule. should not be delayed or deferred. There are no

contraindications if modern purified rabies biologicals
are used. Pregnancy and infancy are never contraindi-
cations 1o rabies PEP. Persons who present for evalua-
tion even weeks or monibs afler baving been bitlen
should be dealt with in the same manner as if the con-
tact occurred recently.

Prophylaxis consists of vaccine regimens and
routes of administration that have been proven to he
safe and effective. Initiation of prophylaxis should oy
await the results of laboratory diagnosis or be delaycd
by dog observation when rabies is strongly suspected.
Wounds should be washed and flushed with soap and
water immediately or with water alone and disinfected
with ethanol (700 ml/liter) or icdine (tincture or aque-
ous solution). Prophylaxis may be deferred if the
species is unlikely to be infected with rabies and if re-

“sults of laboratory diagnosis can be obtained in a

timely manner, usually within 48 hours. Most dogs tend
to shed virus concomitant with or shortly before the
development of clinical signs. If the domestic dog or
cat is unlikely to be rabid, it may be observed for 10
days. If the animal remains well, no prophylaxis is in-
dicated. Fur example, the animal may be observed in
cases where the bite is provoked and the animal is
healthy, up to date on rabies vaccination, well main-
tained, etc. However, even vaccinated animals may be-
come rabid. If the dog shows any sign of illness dur-
ing the observation period, the patient should recéive
full rabies PEP urgently, and the animal’s brain should
be examined by a competent laboratory for a defini-
tive rabies diagnosis.

Rabies PEP Modalities

Whether to use rabies immune globulin in addition 0
vaccine, vaccine alone, or none at all depends on the
WHO category of exposure. These decisions may vary
from country to country because epidemiologic cir-
cumstances vary. These broad categories are

Category HI. Single or multiple transdermal bites,

- scratches, or contamination of mucous mem-
brane with saliva (i.e., licks): Use RIG plus vac-
cine.

Category II. Minor scratches or abrasions without
bleeding or licks on broken skin and nibbling of
uncovered skin: Use vaccine alone.

Category I. Touching, feeding of animals, or licks
on intact skin: No exposure; therefore, no PEP
is required if the history is reliable.

Administration of Rabies
Immune Globulin

Rabies immune globulin (RIG) must be infiltrated into
the depth of the wound and around the wound. As
much as anatomically feasible of the RIG should be in-
filtrated. Any remzinder should he injected at an intra-




muscular site distant from that of vaccine inoculation,
e.g., into the anterior thigh. The quantity used is 20 IU/
kg of human RIG or 40 1U/kg of equine RIG. The to-
tal recommended dose should not be exceeded. If the
calculated dose is insufficient to infilirate all wounds,
sterile saline may be used 1o dilute it two- to threefold
to permit thorough infiltration, Suturing should be post-
poned to avoid further wound contamination with virus.
If suturing is necessary, it should be ensured that RIG
has been applied locally. Antimicrobial agents and
tetanus toxoid may be required accordingly,

Rabies PEP: Vaccination

Tissue-culture rabies vaccine can be administered in-
tramuscularly (IM) or ID where licensed or approved
by the administrative authority. The efficacy and ad-
verse events are comparable between these two regi-
mens. However, the use of ID vaccination may decrease
the cost by as much as 60 1o 80 percent. Given that
there has been no substantive data comparing one vac-
cine with the others in terms of vaccine immunogenic-
ity and a change in the route of vaccine administration
(e.g., from IM to ID), the routine interchangeability of
modern rabies vaccines and routes is not recommended
for liability concerns alone. However, when completion
of PEP with the same rabies vaccine is not possible, the
switch can be done, provided that it is with one of the
WHO-recommended cell-culture vaccines.

Intramuscular Regimen

Vaccines should not be injected into the gluteal region.
A classic five-dose IM or -“Essen’ regimen consists of
one dose of vaccine on days 0, 3, 7, 14, and 28 in the
Jeltoid region or in small children into the anterolat-
eral area of the thigh muscle. As an alternative, the 2-
1-1 regimen may be used. Two doses are given on day
0 in the deltoid muscle and right and left arms. In ad-
dition, one dose is given in the deltoid muscle on day
7 and one on day 21.

intradermal Regimen
Since these regimens require considerably less vaccine
than the IM regimens, this method is particularly ap-
propriate where vaccine or funds are in short supply.
The ID approach reduces the volume of vaccine re-
quired and hence vaccine cost by 60 to 80 percent.
The decision to implement an economical ID PEP
scheme rests with government agencies that define ra-
bies prevention and treaunent policies in their own
countries. When the ID route is used, attention must be
ziven to staff training, conditions and duration of vac-
cine storage after reconstitution, use of an appropriate
. 1-ml syringe and short hypodermic necdles, etc.
Vaccines suggested for use with the 1D regimen
are the HDCV Rabivac; the purified vero cell vaccines
{PVRV} Verorah, Imovax, Rabies vero, and TRC Verorals;
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and the purified chick embryo cell vaccine (PCECV) Ra-
bipur. There are two methods of ID administration:

1. Eight-site ID method (8-0-4-0-1-1; 8 sites on day
0, 4 sites on day 7, 1 site on days 30 and 90)
for use with HDCV (Rabivac) and PCECV (Ra-
bipur). The volume per ID site for both vaccines
is 0.1 ml. Although there has been no support-
ing scientific evidence, the eight-site regimen
may be considered in emergency siwations
when no RIG is available. The RIG may be ad-
ministered within 7 days afier the first dose of
vaccination.

2. Two-site ID method (2-2-2-0-1-1; 2 sites on days
0, 3, and 7; 1 site on days 30 and 90) for use
with PVRV (Verorab, Imovax, Rabies vero, TRC
Verarab) and PCECV (Rabipur). The volume per
ID site is 0.1 ml for PVRV (Verorab, Imovax, Ra-
bies vero, TRC Verorab) and 0.2 ml for PCECV
(Rabipur) or, as an option, 0.1 m! for PCECV
(Rabipur) may be considered for use by national
health authorities. This does not apply to any
other vaccine brand.

Rabies PEP Prophylaxis in
immunosuppressed Individuals

There is no reliable PEP method to ensure efficacy in
immunosuppressed individuals. Therefore, the impor-
tance of wound treatment should be further stressed.
RIG should be administered deeply into the wound
for all exposures. Vaccine always should be adminis-
tered, and no modification of the recommended num-
ber of doses is advisable. An infectious disease spe-
cialist with expert knowledge of rabies prevention
should be consulted.

Rabies PEP in Previously
Vaccinated Persons

Apart from local wound treatment, there is no need for
RIG administration. Two boosters, either IM or ID, are
required on days 0 and 3. However, full PEP should be
given to persons who received pre- or postexposure
prophylaxis with vaccine of unproven potency or who
have not demonstirated acceptable rabies neuurzlizing
antibody titer.

Preexposure Rabies Vaccination

Three doses of vaccine on days 0, 7, and 21 or 28 are
recommended for persons at high risk of exposure to
rabies virus (laboratory staff, veterinarians, animal han-
dlers, and wildlife officers). Toddlers and children in
highly endemic areas also may be considered for vac-
cine. A dose is either 1.0 or 0.5 ml (according to the
vaccine type) standard IM or 0.1 ml ID (if antimalarial
chemoprophylaxis is applied concurrently, IM injections
are preferable to ID).
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Persons working with rabies virus in diagnostic, re-
search, and vaccine-production laboratories should
have serum tested for neutralizing antibody every 6
months and have a booster when the titer falls below
0.5 IU/ml. People in other professions (such as veteri-
narians, animal handlers, and wildlife officers) who are
at frequent risk of exposure to rabies should have serum
testing every 2 years and receive a booster when the
titer falls below 0.5 TU/ml.

» ACKNOWLEDGMENT

Dr. Hemachudha has been supported in part by grants
from the Thai Red Cross Society, the Thailand Research
Fund, and the General Prayudh Charumani, Cherdchai
Wilailak. and the Phraya Athakraweesunthorn and
Khunying Foundation.

REFERENCES

1. Hemachudha T, Laothamatas J, Rupprecht CE: Human
rabies: A disease of complex neuropathogenetic mech-
anisms and diagnostic-challenge. Lancet Newrol 1:101,
2002.

2. Rupprecht CE, Hanlon CA, Hemachudha T: Rabies re-
examined. Lancet Infect Dis 2:327, 2002.

3. Steele J: History of rabies, in Baer G (ed): The Natural
History of Rabies, 1st ed. New York: Academic Press,
1975, pp 1-29.

4. Wilkinson L: Understanding the nature of rabies: An
historical perspective, in Campbell J, Charlton KM
(eds): Rabies. Boston: Kluwer Academic, 1988, pp
1-23.

. Wilkinson L: History, in Jackson A, Wunner WH (eds):
Rabies Amsterdam: Academic Press, 2002, pp 1-22.

6. Kaplan M. Koprowski H: Rabies. Sci 4m 242:120, 1980.

7. Hurst E, Pawan JL: An outhreak of rabies in Trinidad.
Lancet 2:622, 1931,

8. Baer G, Neville ], Turner GS; Rabbis and Rabies. Mex-
ico City: Laboratorios Baer, 1996.

9. Zinke G: Neue Ansichten der Hundswuth, ihrer Ur-
sachen und Folgen, nebst einer sichern Behand-
lungsarnt der von tollen Tieren gebissenen Menschen.
Gabler Jena 16:212, 1804.

10. Negri A: Zur aeticlogie der tollwuth: Die diagnose der
toliwuth auf grund der neveren befunde. Z Hug Infek-
thvankh 44:519, 1903,

11. Goldwasser R, Kissling RE.: Fluorescent antibody stain-
ing of street and fixed rabies virus antigens. Proc Soc
Exp Biol Med 98:219, 1958.

12. Debre P: Louis Pasteur. Baltimore: Johns Hopkins Uni-
versity Press. 1998.

13. Vodopija I, Clark HF: Human vaccination against ra-
bies. in Baer G {ed): The Natural History of Rabies.
Boca Raton, FL: CRC Press, 1991, pp 571-595.

14. Fermi C: Uber die Immunisierung gegen Wutkrankheit.
Z Hvg Ifectionskrankb 58:233, 1908.

AV ]

PRINCIPLES OF NEUROLOGIC INFECTIOUS DISEASES

15

16.

17.

18.

19.

20,

21.

22,

23.

24.

25.

26.

27.

29.

31.

32.

33.

. Semple D: The preparation of a safe and efficient an-
timbic vaccine. Sci Mem Med Sanit Dept India 44, 1911,
Peck F, Powell HM, Culbertson CG: Duck-embryo ra-
bies vaccine: Study of fixed virus vaccine grown in
embryonated duck eggs and killed with beta-proprio-
lactone. JAMA 162:1373, 1956.

Fuenzalida E, Palacios R, Borgono JM: Antibody re-
sponse in man to vaccine made from infected suck-
ling-mouse brain. Bull WHO 30:431, 19G4.

Appelbaum E, Greenberg H, Nelson J: Neurologic
complications following antirabies vaccine. JAMA
151:188, 1953.

Cabasso V: Local wound treatment and passive immu-
nization, in Baer G (ed): The Natural History of Rabies,
2d ed. Boca Raton, FL: CRC Press, 1991, pp 551-570.
Baltazard M, Ghodssin M: Prevention of human rabies-
treatment of persons bitten by rabid wolves, Buil
WHO 10:797, 1954.

Habel K, Koprowski H: Laboratory data supporting the
clinical trial of antirabies serum in person biten by a
rabid wolf. Bull WHO 13:773, 1955.

Kissling R: Growth of rabies virus in nonnervous tissue
culture. Proc Soc Trop Med Hyg 98:223, 1958.

Fenje P: A rabies vaccine from hamster kidney tissue
cultures: Preparation and evaluation in animals. Can J
Microbiol 6:605, 1960.

Wiktor T, Fernandes MV, Koprowski H: Cultivation of
rabies virus in human diploid cell strain WI-38. [ Im-
munol 93:353, 1964,

Plotkin S, Rupprecht CE, Koprowski B: Rabies vaccine,
in Plotkin §, Orenstein WA (eds.): Vaccines, 3d ed.
Philadelphia: Saunders, 1999, pp 743-766.

Cleaveland §, Dye C: Maintenance of a microparasite
infecting several host species: rabies in the Serengeti.
FParasitology 111:833, 1995.

Shope R: Rabies virus antigenic relationships, in Baer
G (ed): The Natural History of Rabies. New York: Aca-
demic Press, 1975, pp 141-152.

. Wiktor T, Koprowski H: Monoclonal antibodies against

rabies virus produced by somatic cell hybridization:
Detection of antigenic variants. Proc Natl Acad Sci USA
75:3938, 1978.

Rupprecht C, Dietzschold B, Wunner WH, et al: Anti-
genic relationship of lyssaviruses, in Baer G (ed): The
Natural History of Rables, 2d ed. Boca Raton, FL: CRC
Press, 1991, pp 69-100.

. Smith JS, Orciari LA, Yager PA, et al: Epidemiologic

and historical relationships among 87 rabies virus iso-
lates as determined by limited sequence analysis. f /n-
Jfect Dis 166:290, 1992.

Bourhy H, Kissi B, Torda N: Molecular diversity of the
Iyssavirus genus. Virology 194:70, 1993.

Tordo N, Badrane H, Bourhy H, et al: Molecular epi-
demiology of lyssaviruses: Focus on the glycoprotein
and pseudogenes. Onderstepoort J Vet Res 60:315, 1993.
Kissi B, Torde N, Bourhy H: Genetic polymorphism in
the rabies virus nucleoprotein gene. Virology 209:320.
1995.

. Le Mercier P, Jacob Y, Tordo N: The complete Mokolz

virus genome sequence: structure of the RNA-depen-
dent RNA polymerase. f Gen Virol 78:1571, 1997.




37.

39.

40.

42.

43.

46.

17,

48,

49,

52

+5. $mith J: Molecular epidemiology, in Juckson A, Wun-

ner WH (eds): Rabies. Amsterdam: Academic Press,
2002. pp 79-111.

. van Regenmortel M, Fauquet CM, Bishop DHL, et al:

Virus Taxonomy: Seventh Report of the International
Commniittee on Taxonomy of Viruses. New York: Acade-
mic Press, 1999.

Shope R. Murphy FA, Harrison AK, et al: Two African
viruses serologically and morphologically related to ra-
hies virus. Jf Virol 6:690, 1970.

. Karabatsos N: Intemational Catalogue of Arbovirtises,

3d ed. San Antonio, TX: American Society of Tropical
Medicine and Hygiene, 1985.

Arai Y. Ruzmin IV, Kameoka Y, et al: New Lyssavirus
genotype from the lesser mouse-eared bat (Myotis
blythi), Kyrghyzstan. Emerg Infect Dis 9:333, 2003.
Holmes EC, Woelk CH, Kassis R, Bourhy H: Genetic
constraints and the adaptive evolution of rabies virus
in nature. Virology 292:247. 2002.

. Badrane H, Tordo N: Host switching in Lyssavirus his-

tory from the Chiroptera to the Carnivora orders. J Vi-
rol 75:8096, 2001.

Messenger SL, Smith JS, Orciari LA, et al: Emerging
pattern of rabies deaths and increased viral infectivity.
Emerg Infect Dis 9:151, 2003.

Wimalaratne O, Kodikara DS: First reported case of
clephant rabies in Sri Lanka. Vet Rec 144:98, 1999.

1. Niezgoda M, Hanlon CA., Rupprecht CE: Animal ra-

bies, in Jackson A, Wunner WH (eds): Rabies. Amster-
dam: Academic Press, 2002, pp 163-218.

. Constantine DG: Geographic translocation of bats:

Known and potential problems. Emerg Infect Dis 9:17,
2003.

King AA. Meredith CD, Thomson GR: The biology of
southern African Lyssauirus variants. Curr Top Micro-
biol fmmunol 187:267, 1994.

Nel L, Jacobs ), Jaftha J, et al: New cases of Mokola
virus infection in South Africa: A genotypic compari-
son of southern African virus isolates. Virus Genes
20:103. 2000.

Badrane H, Bahloul C. Perrin P, et al: Evidence of two
Lyssavirus phylogroups with distinct pathogenicity and
immunogenicity. / Virol 75:3268, 2001.

Armengual B, Whitby JE, King A, et al: Evolution of
European bat lyssaviruses. J Gen Virol 78:2319, 1997.

. Gould AR, Hyatt AD, Lunt R. et al: Characterisation of

a novel Lyssavirus isolated from Preropid bats in Aus-
tralia. Virus Res 54:163, 1998.

. Baer GA. Shaddock jH, Quirion R, et al: Rabies sus-

ceptibilinv and acetylcholine receptor. Lancer 335:664,
1990

Childs JE. Colby L, Krebs JW. et al: Surveillance and
spatiotemporal associations of rabies in rodents and
lagomorphs in the United States, 1985-1994. J Wild{!
Dis 33:20. 1997.

. Bogel K. Motschwiller E: Incidence of rabies and post-

exposure treatment in developing countries. Bull WHO
64:883, 1986,

. Singh J. Jain DC, Bhatia R, et al: Epidemiological char-

acteristics of rabies in Delhi and surrounding areas,
1998. Ind Pediatr 38:1354, 2001.

60.

61,

62.

63.

70.

71.

72

73

74.

CHAPTER 11 RABIES 171

5. Rotz LD, Hensley JA, Rupprecht CE, et al: Larpe-scale

human exposures 10 rabid or presumed rabid znimals
in the United States: 22 cases (199%0-1996). f Am Vet
Med Assoc 212:1198, 1998.

Haupt W: Rabies: Risk of exposure and current trends
in prevention of human cases. Vaccine 17:1742, 1999.
Coleman PG, Dye C: Immunization coverage required
to prevent outbreaks of dog rabies. Vaccine 14:185,
1996.

PAHO: Epidemiological Surveillance of Rabies in the
Americas. Washington: Pan American Health Organiza-
tion, 2000.

. Krebs JW, Noll HR, Rupprecht CE, et al: Rabies sur-

veillance in the United States during 2001, f Am Ver
Med Assoc 221:1690, 2002,

Childs JE, Cumns AT, Dey ME, et al: Prediciing the lo-
czl dynamics of epizootic rabies among raccoons in
the United States. Proc Nat! Acad Sci USA 97:13666,
2000.

Foroutan P, Meltzer M1, Smith KA: Cost of distributing
oral raccoon-variant rabies vaccine in Ohio:
1997=2000. ] Am Vet Med Assoc 220:27, 2002.

Wunner W: Rabies virus, in Jackson A, Wunner WH
(eds). Rabies. Amsterdam: Academic Press, 2002, pp
23-77.

Rupprecht C, Hemachudha T: Rabies, in Scheld M,
Whitley RJ, Marra C (eds): Infections of the Central
Nervous System, 3d ed, Philadelphia: Lippincott
Williams and Wilkins, 2003.

. Jackson A: Human disease, in Jackson A, Wunner WH

(eds): Rabies. Amsterdam: Academic Press, 2002, pp
219-244.

. Hemachudha T: Rabies, in Vinken P, Bruyn GW,

Klawans HL (eds): Handbook of Clinical Neurology, re-
vised series. Amsterdam: Elsevier Science, 1989, pp
383404,

. McKendrick A: A ninth analytical review of reports

from Pasteur Institutes. Bull WHO 9:31, 1941.

7. Sitthi-Amorn C, Jiratanavattana V, Keoyoo |, et al: The

diagnostic properties of laboratory tests for rabies. Int
] Epidemiol 16:602, 1957.

. Babes V: Traite de la rage. Paris: Bailliere, 1912,
. Shah U, Jaswal GS: Victims of a rabid wolf bite in In-

dia: Effect of severity. and location of bites on devel-
opment of rabies. f Infect Dis 134:23, 1976.

World Health Organization: WHO Recommendations
on Rabies Post-Exposure Treaiment and the Correct
Technigue of Intradermal Immunization Against Ra-
bies (WHO/EMC/Z00Q/96.6), 1-24 ed. Geneva: World
Health Organization, 1997.

Hauwick M: Human rabies, Public Health Rev 3:229,
1974.

Morimoto K, Patel M, Corisdeo §, et al; Characteriza-
tion of a unique variamt of bart rabies virus responsible
for newly emerging human cases in North America.
Proc Natl Acad Sci USA 93:5653, 1996.

Gibbons RV: Cryptogenic rabies, bats, and the gquestion
of aerosol transmission. Ann Emery Med 39:528, 2002.
Noah DL, Drenzek CL, Smith JS, et al: Epidemiology of
human rabies in the United States, 1980-1996. Ann In-
terit Med 128:922, 1998,



172

75.

76.

78.

79.

81.

82.

83.

84.

87.

91.

92

93.

94.

PRINCIPLES OF NEUROLOGIC INFECTIOUS DISEASES

Crepin P, Audry L, Rotivel Y, et al: Intravitam diagno-
sis of human rabies by PCR using saliva and cere-
brospinal fluid. / Clin Microbiol 36:1117, 1998,
Helmick C, Tauxe RV, Vernon AA.: Is there a risk to
contacts of patients with rabies. Rev fnfect Dis 9:511,
1987.

- Fishbein DB, Robinson LE: Rabies. New Engl J Med

329:1632, 1993.

Lumbiganon P, Wasi C: Survival after rabies immunisa-
tion in newbom infant of affected mother. Lancet
336:319, 1990.

Jackson A: Pathogenesis, in Jackson A, Wunner WH
(eds): Rabies. Amsterdam: Academic Press, 2002. pp
245-282.

. Mass treatment of humans who drank unpasteurized

milk from rabid cows—Massachusetts, 1996-1998,
MMWR 48:228, 1999,

Hemachudha T, Phuapradit P: Rabies. Curr Opin Neu-
rof 10:260, 1997,

Hanna JN, Carnev IK, Smith GA, et al: Australian bat
Lyssavirus infection: A second human case, with a
long incubation period. Med J Aust 172:597, 2000,
Smith J5, Fishbein DB, Rupprecht CE, et al: Unex-
plained rabies in three immigrants in the United States:
A virologic investigation. New Engl | Med 324:205,
1991.

Hemachudha T, Chutivongse S, Wilde H: Latent rabies.
New Engl | Med 324:1890, 1991,

. Kucera P, Dolive M, Coulon P, et al: Pathways of the

early propagation of virulent and avirulent rabies
strains from the eye to the brain. J Virol 55:158, 1985.

. Coulon P: Invasion of the peripheral nervous sysiems

of adult mice by the CVS strain of rabies virus and its
avirulenr derivative Av01, J Virol 63:3550, 1989,
Shankar V, Dietzschold B, Koprowvski H: Direct entry
of rabies virus into the central nervous system without
prior local replication. J Virof 65:2736, 1991.

. Ray NB, Power C. Lynch WP, et al: Rabies viruses in-

fect primary cultures of murine, feline, and human mi-
croglia and astrocvtes. Arch Virof 142:1011, 1997.

. Charlton KM: The pathogenesis of rabies and other

lyssaviral infections: recent studies. Curr Top Microbiol
Imnmenol 187:93, 1994,

. Lemtz TL, Burrage TG. Smith AL, er al: The aceryl-

choline receptor as a cellular receptor for rabies virus.
Yale J Biol \ed 56:315, 1983,

Lentz TL: Rabies virus binding to an acetylcholine re-
ceptor alpha-subunit peptide. J Mol Recognit 3:82,

1990.

Lentz TL: Structure-function relationships of cu-
raremimetic neurotoxin loop 2 and of a structurally
similar segment of rabies virus glycoprotein in their in-
teraction with the nicotinic acetylcholine receptor. Bio-
chemistry 30:10949. 1991.

Hanham CA. Zhao F. Tignor GH: Evidence from the
anti-idiotypic network that the acetvicholine receptor is
a rabies virus receptor. f Virol 67:330, 1993.

Lewis P, Fu Y, Lentz TL: Rabies virus entry at the neu-
romuscular junction in nerve-muscle cocultures. Muscle
Nerve 23:720. 2000.

95

9%

97.

98.

9.

100,

101.

102.

103,

104.

106.

107.

108.

109.

110.

111.

112

113.

. Charlton KM, Nadin-Davis §, Casey GA, et ai: The
long incubation period in rabies: Delayed progression
of infection in muscle at the site of exposure. Acta
Neuropathol (Berl) 94:73, 1997.

. WHO Expert Commitiee on Rabies: World Health Or.

ganization Technical Report Series 824:1, 1992.

Tsiang H: Interaction of rabies virus and host cells, in

Campbell J, Charfton KM (eds): Rabies. Boston: Kluwer

Academic, 1988, pp 67-100.

Kelly RM, Strick PL: Rabies as a transneuronal tracer of

circuits in the central nervous system. J Neurosci Meth-

ods 103:63, 2000.

Raux H, Flamand A, Blondel D: Interaction of the ra-

bies virus P protein with the LC8 dynein light chain. /

Virol 74:10212, 2000.

Jacob Y, Badrane H, Ceccaldi PE, et al: Cytoplasmic

dynein LC8 interacts with Lyssavirus phosphoprotein. f

Virol 74:10217, 2000.

Mebatsion T: Extensive attenuation of rabies virs by

simultaneousily modifying the dynein light chain bind-

ing site in the P protein and replacing Arg333 in the

G protein. J Virol 75:11496, 2001.

Tsiang H: Pathophysiology of rabies virus infection of

the nervous system, Adv Virus Res 42:375, 1993.

Tangchai P, Vejjajiva A: Pathology of the peripheral

nervous system in human rabies: A study of nine au-

topsy cases. Brain 94:299, 1971

Charlton KM, Casey GA, Wandeler Al et al: Early

events in rabies virus infection of the central nervous

system in skunks (Mephitis mepbitis). Acta New-

ropathol (Berl) 91:89, 1996.

. Etessami R, Conzelmann KK, Fadai-Ghothi B, et al:

Spread and pathogenic characteristics of a G-deficient
rabies virus recombinant: An in vitro and in vivo
study. [ Gen Virol 81:2147. 2000,

Bingham J, van der Merwe M: Distribution of rabies
antigen in infected brain material: Determining the re-
liability of different regions of the brain for the rabies
fluorescent antibody test. J Virol Methods 101:85, 2002.
Tirawatnpong 8, Hemachudha T, Manutsathit S, et al:
Regional distribution of rabies viral antigen in central
nervous system of human encephalitic and paralytic
rabies. J Neurol Sci 92:91. 1989.

Hemachudha T: Human' rabies: Clinical aspects, patho-
genesis, and potential therapy. Curr Top Microbiol Im-
munol 187:121. 1994.
‘Smart NL, Charlton KM: The distribution of Challenge
virus standard rabies virus versus skunk street rabies
virus in the brains of experimentally infected rabid
skunks. Acta Neuropathol (Berf) 84:501. 1992.
Hemachudha T, Phanuphak P, Sriwanthana B, et al:
Immunologic study of human encephalitic and para-
lytic rabies: Preliminary report of 16 patients. Amr J
Med 84:673, 1988.

Jackson AC, Ye H, Phelan CC, et al: Extraneural organ
involvement in human rabies. Zab Invest 79:945, 1999.
Jogai $, Radotra BD, Banerjee AK: Rabies viral antigen
in extracranial organs: A postmortem study. Neu-
ropatbol Appl Neurobiol 28:334, 2002.

Hemachudha T, Mitrabhakdi E£: Rabies, in Davis L,

e o g

e



114.

[R{N

117.

118.

1Y,

123,

125.

126,

128.

129

wennedy PGE (eds): Infectious Diseases of the Nervous
System. Oxford, England: Butterworth-Heinemann,
2000, pp 401-444.

npumreongphol H, Srikiatkhachorn A, Hemachudha T, et
al: Alteration of muscarinic acetylcholine receptors in
rabies virus—infected dog brains. f Newrol Sci 137:1,

1996.

5. Tungchai P, Yenbutr D, Vejjajiva A: Central nervous

wwstem lesions in human rabies, [ Med Assoc Thailand
< 3:471, 1970.

{aiothamatas J, Hemachudha T, Mitrabhakdi E, et al;
Magnetic resonance imaging in human rabies. Am J
Neuroradiol 24:1102, 2003.

Pleasure §J, Fischbein NJ: Correlation of clinical and
neuroimaging findings in a case of rabies encephalitis.
Arch Neurol 57:1765, 2000.

Lopez A, Miranda P, Tejada E, et al: Outbreak of hu-
man rabies in the Peruvian jungle. Larncer 339:408.
1992,

warner CK, Zaki SR, Shieh WJ, et al: Laboratory inves-
tigation of human deaths from vampire bat rabies in
Peru. Am J Trop Med Hyg 60:502, 1999.

. Hemachudha T, Wacharapluesadee S, Lumlertdaecha

B, et al: Sequence analysis of rabies virus in humans
exhibiting either furicus or paralviic rabies. J fnfect Dis
188:960, 2003,

. Chopra J, Banerjee AK, Murphy JMK. et al: Paralytic

rabies: A clinicopathological study. Brain 103:789,
1980.

. Hemachudha T, Panpanich T, Phanuphak P, et al: Im-

mune activation in human rabies. Trans R Soc Trop
Med Hyg 87:106, 1993.

Hemachudha T, Sunsaneewitayakul B. Mitrabhakdi E.
et al: Paralytic complications following intravenous ra-
bies immune globulin treatment in a patient with furi-
ous rabies, Int J Infect Dis 7:76, 2003.

- Sheikh K, Jackson AC, Ramos-Alvarez MR, et al: Para-

ivtic rabies: Immune attack on nerve fibres containing
axonally transported viias proteins (abstract). Newrol-
ogy 501:183, 1998.

Camelo §, Lafage M. Galelli A, et al: Selective role for
the p55 Kd TNF-alpha receptor in immune unsespon-
siveness induced by an acute viral encephalitis. f New-
roimmunol 113:95, 2001.

Lafon M, Lafage M, Martinez-Arends A. et al: Evidence
for a viral superantigen in humans. Nature 358:507.
1992.

. Dietzschold B, Morimoto K, Hooper DC: Mechanisms

of virus-induced neurcnal damage and the clearance
of viruses from the CNS. Curr Top Microbiol Imminol
253:145, 2001.

Faber M, Pulmanausahakul R, Hodawadekar S5, et al:
Overexpression of the rabies virus glycoprotein results
in enhancement of apoptosis and antiviral immune re-
sponse. J Virol 76:3374, 2002.

Yan X, Prosniak M, Curtis MT, et al: Silver-haired bat
rabies virus variant does not induce apoptosis in the
brain of experimentally infected mice. J Newrovirol
7:518, 2001.

. Galelli A, Baloul L, Lafon M: Abortive rabies virus cen-

131.

132

133.

134

135.

136.

137.
138.

139.

140,

141.

143.

144.

146.

147.

148,

149,

CHAFTER 11 RABIES 173

tral nervous infection is controlled by T-lymphocyte
local recruitment and induction of apoptosis. f New-
rovirol 6:359, 2000. -
Griffin D, Hardwick JM: Perspective: Virus infections
and the death of neurons. Trends Microbio! 7:155,
1999.

Guigoni C, Coulon P: Rabies virus is not cytolytic for
rat spinal motoneurons in vitro. f Newroviro! 8:306,
2002.

Binder G, Griffin DE: Interferon-gamma-mediated site-
specific clearance of alphavirus from CNS neurons.
Science 293:303, 2001. !

Hemachudha T: Rabies, in Roos KL (ed): Central Ner-
vous System Infectious Diseases and Therapy. New
York: Marcel Dekker, 1997, pp 573-600.

Jackson AC, Fenton MB: Human rabies and bat bites.
Lancet 357:1714, 2001.

Messenger SE, Smith JS, Rupprecht CE: Emerging epi-
demiology of bat-associated cryptic cases of rabies in,
humans in the United States. Clin fnfect Dis 35:738,
2002.

Anonymous: Rabies: What can neurologists do? Lancet
Neurol 1:73. 2002.

Seneviratne U: Guillain-Barré syndrome. Postgrad Med
J 76:774, 2000.

Hemachudha T, Phanthumchinda K, Phanuphak P, et
al: Myoedeima as a clinical sign in paralytic rabies.
Lancer 1:1210, 1987.

Brass D: Rabies in Bats: Natwral History and Public
Heailth Implications. Ridgefield, CT: Livia Press, 1994.
Madhusudana SN, Nagaraj D, Uday M, et al: Pamial re-
covery from rabies in a six-year-old girl. /nt J Infect
Dis 6:85, 2002.

. Kalita J, Misra UK: Comparison of CT scan and MRI

findings in the diagnosis of Japanesc encephalitis. J
Neurof Sci 174:3, 2000.

Deresiewicz R, Thaler §J, Hsu L, et al: Clinical and
neuroradiographic manifestations of eastern equine en-
cephalitis. New Engl J Med 336:1867, 1997,

Zagardo M. Shanholtz CB, Zoarski GH, et al:
Rhombencephalitis caused by adenovirus: MR imaging
appearance. Am J Neuroradiol 19:1901, 1998.

. Vartanian T: Case records of the Massachusets Gen-

eral Hospital. Weekly clinicopatholegical exercises.
Case 1, 1999: A 53-year-old man with fever and rapid
neurclogic deterioration. New Engl [ Med 340:127,
1999,

Falini A, Kesavadas C, Pontesilli S. et al: Differential
diagnosis of posterior fossa multiple sclerosis: Neurora-
diological aspects. Neurol Sci 22:579, 2001.

Morrill P, Niezgoda M, Rupprecht CE: Use of serology
in human rabies diagnosis (abstract 73). XII Interna-
tional Meecting on Research Advances and Rabies Con-
trol in the Americas, Oaxaca, Mexico, 2002.
Wacharapluesadee S, Hemachudha T: Nucleic acid se-
quence-based amplification in the rapid diagnosis of
rabies. Lancet 358:892, 2001.

Wacharapluesadee S, Hemachudha T: Urine samples
for rabies RNA detection in the diagnosis of rabies in
humans. Clin Infect Dis 34:874, 2002.



174

150.

FRINCIPLES OF NEUROLOGIC INFECTIOUS DISEASES

Kamolvarin N, Tirawatnpong T, Rattinasiwamoke R, et
al: Diagnosis of rabies by polymerase chain reaction
with nested primers. J Infect Dis 167:207, 1993,

. Wacharapluesadee 3, Phumesin P, Lumlendaecha B, et

al: Diagnosis of rabies by use of brain tissue dried on
filter paper. Clin Infect Dis 36:674, 2003,

. Solomon T, Dung NM, Kneen R, et al: Japanese en-

cephalitis. J Newurol Newrosurg Psychiatry 68:405, 2000.

. Solomon T, Kneen R, Dung NM, et al: Poliomyelitis-

like illness due o Japanese encephalitis virus, Laicer
351:1094. 1998.

. Goh K. Tan CT, Chew NK, et al: Clinical features of

Nipah virus encephalitis among pig farmers in
Malaysia. New Engl ] Med 342:1229, 2000.

. Huang C, Liu CC, Chang YC, et al: Neurologic compli-

cations in children with enterovirus 71 infection. New
Engl J Med 341:936, 1999.

. Johnson RT: Viraf Infection of the Nervous System. 2d

ed. Philadelphia: Lippincott-Raven, 1998,

. Kleinschmidt-DeMasters BK., Gilden DH: The expand-

ing specirum of herpesvirus infections of the nenvous
svstem. Brain Pathol 11:440, 2001.

. Tan C, Goh K]J, Wong KT, et al: Relapsed and late-on-

set Nipah encephalitis. Az Newrol 51:703, 2002.

159.

160.

161.

162.

163.

Hemachudha T, Gritfin DE, Giftels JJ, et al: Myelin .
sic protein as an encephalitogen in encephaiomyelis
and polyneuritis following rabies vaccination. New
Engl ] Med 316:369, 1987.

Hemachudha T. Phanuphak P, Johnson RT, et al: Neu-
rologic complications of Semple-type rabies vaccine:
Clinical and immunologic studies. Neurology 37:550,
1987.

Piyasirisilp 8, Schmeckpeper BJ, Chandanayingyony D,
et al: Association of HLA and T-cell receptor genc
polymorphisms with Semple rabies vaccine-induced
autoimmune encephalomyelitis. Ann Newrof 45:395,
1999.

Jackson AC, Warrell MJ, Rupprecht CE, et ai: Manage-
ment of rabies in humans, Clin Infect Dis 36:60, 2003,
Hemachudha T. Mitrabhakdi E. Wilde H, et al: Addi-
tional reports of failure to respond to treatment after
rabies exposure in Thailand. Clinn Infect Dis 28:143.
1999.

. Hemachudha T. Mitrabhakdi E, Wilde H, et al: Reply.

Clin Infect Dis 29:1606, 1999,

. Wilde H, Sirikawin S, Sabcharoen A, et al: Failure of

postexposure treatment of rabies in children. Clin /n-
fect Dis 22:228, 199,



(18N 27

INEECTIONS OF THE
CENTRAL NERVOUS SYSTE

.

THIRD EDITION

Editors

W. MICHAEL SCHELD, M.D.

Wheth Professor of Infectious Diseases
Professor of Internal Medicine
Clinical Professor of Neurosurgery
University of Virginia Health System
Chariottesville, Virginia

RICHARD J. WHITLEY, M.D.

Loeb Eminent Scholar Chair in Pediatrics
Professor of Pediatrics, Microbiology, and Medicine
University of Alabama at Birmingham
Birmingham, Alabama

CHRISTINA M. MARRA, M.D.

Professor of Neurology and Medicine (Infectious Diseases)
University of Washington
Harborview Medical Center
Seattle, Washington

é"é LIPPINCOTT WILLIAMS & WILKINS
' A Wolters Kluwer Company

Philadelphia - Baltimore « New York - London
Buenos Aires » Hong Kong « Sydney .- Tokyo




RABIES

CHARLES E. RUPPRECHT AND THIRAVAT HEMACHUDHA

Rabies, an acute encephalitis caused by a Lyssavirus, is the most
significant viral zoonosis recognized today, accounting for mil-
lions of human exposures and thousands of human deaths each
year, primarily in developing countries in Asia, Africa, and Latin
America. In contrast, rabies virus infections in humans in the
United States and other developed countries are uncommon,
accounting for no more than a few cases cach year. Nevertheless,
in both global arenas, conversations about rabics may conjure 2
primal specter that awakens latent memories of horrific histori-
cal, literary, and medical images. Historical descriptions of
rabies, associated with animal bite, strongly suggest that dhis
entity has existed for millennia. Literary references from many
cultures portray a graphic incurable malady. Clinical citations
continue to ¢lucidate the neurologic variability of manifest dis-
case, not only in Home sapiens bur also in domestic animals,
ranging from a parizh dog foaming at the mouth with maniacal
behavior o a paralyzed bellowing bull dragging 2 useless hind
limb.,

The contrasting ecology of rabies virus infections in animal
populations of developing versus developed countries is also
striking. Introduction of effective control programs for domes-
tic dogs in developed countries has shifted the attention toward
surveillance among wildlife. Unforunarely, the bites of rabid
domestic dogs in developing countries still result in tens of thou-
sands of human ecases. The presentation of an agitated patient
with hydrophobia and frenzied behavior or a child with acute
ascending paralysis reinforces the devastating aspects of human
disease. Furthermore, the recognition that rabies has the highest
case-fauality ratio of any infectious disease should remind public
health officials of the renewed need for rabies elimination from
urban domestic canine populations, s well as for consideration
of disease control among wildlife. Without a better understand-
ing of acuropathalogy and the absence of a suitable model 10
serve as 2 humansurrogate, hope for a cure anytme soon
remains intangible. Lack of a specific antiviral agent for trear-
ment further demonstrates the necessity for development of
improved methods of primary prevention and control. Together
with traditional veterinary technigiies, recent advances in oral
vaccination of animals introduces the possibility of preventing
discase in rargeted free-ranging populations, such as stray dogs,
which may provide for a further reduction of human rabies
cases, at the level of the wild reservoir, something of 2 novelry
among zoonoses. Administration of highly effective cell culture
vaccines, in combination with local infiltration of rabies
immune globulin (RIG), to exposed patients has decreased the

incidence of human disease, bur the costs of such programs may
outweigh health economic benefits because of expensive biolog-
icals and inappropriate delivery. These issues provide a basis for
understanding the interaction berween rabies virus infections of
animals and transmission to humans, especially as it relates to
the rechnological advances that may allow the possibility of
inexpensive and highly efficacious vaccines for both populations
via integrated holistic public health programs.

This chapter summarizes cutrent knowledge of rabies virus
infections of the human central nervous system (CNS). Several
excellent books are testament to the commitment of the numer-
ous investigators in the field, both then and now, representative
of the multidisciplinary nature that has become the norm for
rabies prevention and control (1-3).

HISTORY

Rabics has attracted considerable attention in both veterinary
and human circles throughout history (4,5). For example, in the
pre-Mosaic Eshunna Code of Mesopotamia, circa 2300 B.C.,
legal reference was made to fines levied on owners of “mad dogs”
whose actions led to the death of bitten persons, with monetary
distinctions made between the loss of a slave or the demise of
other members of society. Whether this related to rabies per se
or to the overt injury inflicted by a vicious dog is uncertain.
Other allusions appear in ancient Greek and Roman writings,
including those of Democritus, Aristotle, and Galen. At about
100 A.D, Celsus recommended wound caurerization after a bite,
and a rather unconventional therapy for those suffering from
this “virus” or poisonous slimy liquid, as it was referred, namely
throwing the victim into water or a tank of hot oil. Throughaut
the centuries, various concoctions were proposed 2s remedies, as
was the suggestion for consulting oracles or requesting divine
intervention. Indeed, rabies posed such a threat in some por-
tions of medieval Europe that when peasants needed aid, they
ofien wrned o St. Huberr, the patron saint of rabies vietims.
His shrine near Liege, Belgium, drew many of the faichful
Those unable to make pilgrimages to the shrine used iron bars
or crosses known as the Keys of St. Hubert, which could either
be inserted into the walls of houses to protect believers against
the curse of rabies or alternatively to cauterize wounds, a treat-
ment practiced well into the nineteenth century.

In the mid-sixtcenth century, the Italian physician, Fracas-
toro provided detailed clinical descriprions of human rabies
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(4,5). Over the next several centurics, other literary repors
appeared that clucidated the narural history of human disease
and provided a direct association to animal rabies. A gradual
recognition of this relationship between rabid animals, and
human illness eventually led 1o animal control programs and
tesulted in the virtual climinaton of disease from wide gec-
graphical areas, such as the Scandinavian region and subse-
quendy Great Britain, but not until the eady part of the twenti-
eth cenury.

A major landmark in an understanding of rabies and its ratio-
nal prevention was a scries of experiments performed by Louis
Pasteur @nd his colleagues in the late 1800s. Pasteur demon-
strated disease transmission by inoculating homogenized spinal
material from a rabid dog into the brain of a previously healthy
dog. Thereaftcr, related observations led to the development of
a vaccine, involving more than 90 serial intracerebral passages of
rabics virus in rabbits. After drying the spinal cords from
affected rabbits, viral infectivity was reduced. This vaccine was
tested initially in animals and was believed to be effective.
Although administered initially to other padents without
notable cffect, in 1885 Pasteur gave the vaccine to a child,
Joseph Meister, who was bitten by a rabid dog, and remarkably,
the boy survived (6}, Much introspection from prominent med-
ical experts at the time followed the apparent initial successes of
this approach. Increased deployment of a live-virus vaccine over
the ensuing years at Pasteur Institutes established dround the
globe attested to its increasing popularity. These early trials pro-
vided a historical context for subsequent vaccine improvements
(1_5’7’8)'

By the end of the nineteenth century, the scientific literature
was replete with clinical case descriptions of human and animal
rabies. In 1903, Negri made an importane histopathologic
observation (9), when he identified cyroplasmic inclusion bod-
ies—now known as “Negri bodies"—in the neuronal cells of
animal brains {cven though he believed rabies could be due to 2
protozoan). Though of diagnostic utility when present, approx-
imately 25% to 30% of rabid animals did not develop dis-
cernible Negri bodies, necessitating animal inoculation to con-
firm suspected cases, during which dme individuals bitten by
anim.-ls underwens treatment. Later, in 1912, Babes (10) pub-
lished the “Traite de la Rage,” a compendium of cases, which
helped to define both the natural history and the clinical find-
ings of human rabies at the time, and set the stage for a better
understanding of the discase.

As the larter half of the twenticth century progressed, addi-
tional insights were achieved in the etiology, molecular biology,
diagnosis, pathogenesis, prevention, and contzol of rabies, espe-
cially the development of effective vaccines for animals and the
prophylactic combination of vaccine and RIG for humans
(1-5,7,8,11). Use of vaccines to protect domestic dogs has made
human rabies a rarity in developed countries. Nevertheless, the
many developing countrics still results in tens of thousands of
human rabies cases each year. Although it is one of the oldest
recognized infectious diseases, the uniformly high fatality rate
that is the hallmark of rabies should initiate a renewed advocacy
for antiviral introspection and continued medical research
toward inexpensive prophylaxis against this devastating agent.

ETIOLOGY

Taxonomy

Taxonomically, rabies virus belongs to the family Rbabdoviridze.

““Rhabdos” is of Greck derivation, meaning rod. As suggested by

the name of the family, these viruses are rodlike or bullet-like in
morphology when viewed by clectron microscopy (Fig. 16.1).
This family of viruses includes pathogens thar infect a wide vari-
ety of species, including mammals, birds, cold-blooded verte-
brates, arthropods, and plants (12). Currendy, the Rhabdoviri-
dae affecting vertebrates consist of four genera: Vesiculovirus,
Ephemerovirus, Novirbabdovirus, and Lyssavirus. Members of
these genera can be differentiated according to genetic, anti-
geaic, and biologic characteristics {12,13). Groups that contain
members that affect humans include the Vesiculovires and
Lyssavirus genera. Rabies virus is the prototype species of the
Lyssavirus genus, which includes several other related members,
all with the potential for inducing encephalitis (Table 16.1).
Lagos bar virus is the only member to date that has not been
implicated in human morality. The term “Lyssa® is also of
Greek derivation, meaning rage or frenzy. From a practical pub-
lic health perspective, this terminology underscores the point
tha lyssaviruses cause rabics and are dlinically indistinguishable
regardless of underlying viral etiology. Within the genera of
lyssaviruses, numerous variants may be distinguished by the use
of monoclonal antibody tping and genetic sequencing
(1-3,11,13-15). Most of this remaining discussion focuses on
rabies virus, as the best-known representative of the group.

FI1G. 16.1. Negatively stained rabies virus panticle with typical mor-
phology, as observed by electron miccoscopy. (Courtesy Sylvia Whit-
field, Centers for Disease Control and Prevention.}



TABLE 16.1. MEMBERS OF THE LYSSAVIRUS GENUS IN
THE RHABDOVIRIDAE FAMILY

Virus ’ * Source Species

Rabies virus* Man';mals {dogs, bats, wild

carnivores, etc)

Duvenhage virus® Bats
Lagos bat virus ) Bats
Mokola virus* Insectivores (i.e., shrews)?
European bat virus {I, iy Bats
Australian bat virus* Bats

Subject to change with additionat pathogen discovery and taxonomic
interpretation.

*Associated with human infection.

From Rose IK, Whitt MA. Rhabdoviridae: the viruses and their replication.
In: Knipe DM, Howley PM, et al,, eds. Fields virology. New York: Lippincott
Williams & Wilkins, 2001:1221-1244; and de Mattos CA, de Mattos CC,
Rupprecht CE. Rhabdoviruses. In: Knipe DM, Howley PM, et al,, eds. Fields
virology. New York: Lippincott Williams -& Wilkins, 2001:1245-1277, with
permission.

Composition

Rabies virus particles are approximarely 75 nm by 180 nm in size
and consist of protein-coated, single-stranded, negative-sense
nonsegmented RNA, with an estimated molecular weight of
approximately 4 x 105 (14,15). The RNA is found within a
membrane-bound viral nucleocapsid, or ribonucleoprotein core.

The 12-kb RNA genome encodes five multifunctional proteins:
an inner nucleoprotein (N), 2 phosphoprotein (NS or P), a
matrix (M) protein, 2n outer glycoprotein {(G), and a large oz
virion-associated RNA polymerase protein (L). The M and G
proteins are associated with 2 lipid bilayer of the viral envelope.
The M protein forms a sheathlike structure around the nucleo-
capsid core, appears localized on the inner aspect of the envelope,
and is believed to play a role in the budding process. The glyco-
sylated G protein projects through the membrane 1o the outer
surface of the envelope, is involved in recepror recognition, and
induces virus-specific neutralizing antibodies. The envelope sur-
rounds the nucleocapsid, consisting of a series of helical RNA
coils, in a complex with the N, B, and L proteins. The histologic
appearance of Negri bodies results from the accumulation of a fil-
amentous matrix composed of viral RNA-protein complexes
within the neuronal cytoplasm. Besides identified structural and
enzymatic attributes, Lyssavirus proteins function in a variety of
complex regulatory, modulating, and stabilizing roles during viral
transcription, rcpll\canon, and assembly.

Viral Stability )

Rabies virus does not persist in the environment. The virus is
inactivated by heat, such as pasteurization temperatures, as well
as by exposure to ultraviolet light, 5% iodine, ether, chloroform,
concentrated phenols, 70% ethanol, formalin, B-propiolactone,
and most other common lipid solvents, fixatives, and quaternary
ammonium compounds (15). Viral susceptibility to surface-
active detergents, such as hand soaps, is particularly relevant
because local wound care with an agent capable of inactivating
- rabies virus is essential during first aid. Infectivity may remain
stable for long periods if the virus is maintained frozen at
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approximately -80°C, or colder, bur the virus is unstablc at
extreme ranges of pH levels.

In Vitro Replication

In nature, rabies virus scems predisposed toward primary repli-
cation in the neuron, but in the latter twentieth century, it has
been adapred in the laboratoty 1o a broad variery of primary cells
or continuous cell lines (eg., baby hamster kidney, ncuroblas-
toma, and Vero). These laboratory strains, or “fixed viruses,”
have altered characteristics thac have served as the basis for vac-
cine development (7,15). Replicarion of virus in vitro appears to
follow a classic par.hway. largcly similar to other rthabdoviruses,
such as vesicular scomacitis virus, with some unique exceprions
(12,14,16). In essence, virions must contact and enter suscepti-
ble cells, undergo RNA transcription and rcpllcauon in the
cyroplasm, and reassemble at cell surfaces o exit and begin the
process anew. After an initial eclipse phase of several hours, the
replication process progresses o oornp!cuon within approxi-
mately 24 hours, Virion assembly is associated with budding
from the plasma membranc or occasionally via the endoplasmic
reticulum and Golgi apparatus.

In 1958, Kissling accomplished the in vitro propagation of
rabies virus {17). Such research prompted progress roward
avoiding the necessity to produce a vaccine in animal brains,
such as rabbits, sheep, or nonhuman primates. Thus, complica-
tions related to allergic encephalomyelids could be minimized
by production of rabies virus vaccine in cell cultures. By the
mid-1960s, relatively large quantitics of rabies virus could be
produced in primary cell culrures (7,18). Thereafter, additional
progress occurred with viral adapration and production in avian
embryos, and continuous cell lines, such as WI-38 and Vero
cells (19).

PATHOGENESIS AND PATHOLOGY

Pathogenesis

As 2 zoonosis, human rabies is inextricably linked to infections
in animal populations. The potential epportunity-for pathogen
perpetuation is great, considering thac rabies virus is believed
capable of infecting all mammals. Older studies, originally sum-
marized collectively by World Health Organization experts, sug-
gested a hierarchy of suscepribility to experimental infection
among certain species {Table 16.2). For example, foxes and
other wild canids were believed to be cxtrcmcly susccpnblc to
infection. The apparent lack of immunity a:msng ;! fonec in
enzootic rabies areas, based on the lack of demonstrable anti-
bodies, supported an idea of fairly uniform fatality wich infec-
tion. In contrast, antibodies were detected regulatly in other car-
nivore species, such as the mongoose, sugpesiug acquired herd
immunity. Nonhuman primates were considered only moder-
ately susceptible to rabies infection, whereas a marsupial, the
common opossum, was onc of the least susceptible animals
(1-3). Many of these animal studies were conducted before the
appreciation and laboratory distinction of different viral vari-
ants. Thus, overt susceptibility may be predicated upon a variety
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TABLE 16.2. RELATIVE MAMMALIAN SUSCEPTIBILITY TO RABIES VIRUS

INFECTION

Highest High Moderate Low
Wolves? Hamsters Dogs? Opossums
Foxes Skunks Nonhuman primate: Bats?
Coyotes Raccoons Humans?
Rats (kangaroo and cotton} Domestic cats Cattle
Field voles Rabbits

From Baer GM, ed, The naturaf history of rabies, 2nd ed. Boca Raton, FL: CRC Press, 1991; Campbell JB, ~
Charlton KM, eds. Rabies. Boston: Klumer Academic, 1988; Jackson AC, Wunner WH, eds. Rabies. New York:
Academic Press, 2002; and Expert Committee reports of the World Health Organization, with permission. -

of factors, including the variant of virus, quantity of inoculum,
extent of innervation at the site of the infecdon, individual host
specics attributes, and so on. Moreover, the relative density of
available binding sites upon receptive cells may also be involved.
For example, one putative site for rabies virus is the nicotinic
acetylcholine recepror, among others (14,20). The role of viral
variation in rabies pathogenesis is only slowly being appreciated
(1-3).

The pathogenesis of rabies virus infections can also be con-
sidered according to the different routes of acquisition. Almost
all cases of human rabies occur due 1o the bite of an infected ani-
mal. Rarely, nonbite sources of rabies virus infection may also
account for disease. Examples of nonbite transmission include
infection by aerosols or by person-to-person transmission, such
as following corncal transplantation. After the birz of a rabid
animal, virus is inoculated from the saliva into local tissue. A
carly as 1804, Zinke {21) demonstrated expenmentally that
saliva from a rabid dog could produce rabies in 2 healthy subject
via wounds 2s a portal of entry. Besides the CNS, in the salivary
glands, acinar cells may support viral replication, but infected
rabid animals do not always continuously excrete virus in saliva
{22,23).

Even a single rabid animal can successively bite many indi-
viduals in a short period One rabid wolf that severely attacked
29 individuals in an Iranian village in 1954 provided some of.
the first convincing field evidence for the effectiveness of com-
bined vaccine and immune serum administration in postexpo-
sure siaations, compared to vaccine alone (24). Obviously, it is
rather difficult to try 1o predict relative risk and compare the
opporrunity for differential viral shedding in affected patients
under such extreme circumstances.

After inoculation, virus may be rransmitted 1o the CNS

directly by peripheral nerves, without prior local replication

(25). Alternatively, Jocal replication of rabies virus may cocur at
the site of inoculation, with subsequent spread 1o the CNS
{26-28). Taken together, experimental studies provide evidence

of either direct transit via the axoplasm or an initial phase of
" local replication at the inoculation site, before transmission into
the CNS.

A series of relared experimental observations, including the
localization of rabies virus antigen at subneural clefts, commen-
surate with the distribution of nicotine acetylcholine receprors,

the prevention of transmission by compounds interfering with
nicotinic acetylcholine receptors, and sequence homology
between the G protein of rabies virus and the region with the
greatest binding affinity for acetylcholine receprors, have con-
tributed to developing a2 molecular hypothesis for rabies virus
pathogenesis, supporting the concept of receptor-mediated
transmission (14,20,29,30), Although the experimental dara are
convincing that the acetylcholine receptor may be important in
rabies pathogenesis, alternative candidates exist as well (14).

Once virus enters local neuronal cells, it is transmitted cen-
tripetally (31). The rate of passive retrograde axonal transport of
virus is estimated to vary from approximately 8 to 20 mm per
day. The manner and form of viral transport is not precisely
known, but the cytoplasmic dynein light chain (LC8) has been
shown 1o interact with the rabies virus P protein during retro-
grade axonal .transport. Elimination of the LC8 ligand remark-
ably diminished pathogenicity after experimental intramuscular
inoculation (32). Severing nerve tracts may also affect transmis-
sion of virus from peripheral sites of inoculation to the spinal
ganglia (33-35). Evidence for infection of dorsal root ganglia
includes the demonstration of virions by both culture and elec-
tron microscopy; as well as the demonstration of dorsal root
edema, Ar rhis stage, pain or paresthesia at the wound sitc may
occur, thus presumably related to dorsal root ganglionopathy.
From the spinal cord, the virus can ascend extremely rapidly to
the brain (31,34,36).

Once virus reaches the brain, its progeny affeces many of the
lower brain structures with subsequent widespread infecrion.
These include the limbic system, hippocampus, brainstem, and
cerebellum (36,37). Subsequent analyses have revealed a more
pronounced involvement of the brainstern and thalamus chan
the hippocampus, in both humans and animals, regardless of
clinical manifestations {38,39). Clinical disease in the form of
encephalitic {or furious} and paralytic (or dumb) phases may
reflect a particular involvement of the limbic and auronomic
structures in the former presentation and the spinal
cord/peripheral nerves in the latter. A similar pattern of predilec- .
tion for central midline structures of rabies virus distribution in
both clinical presentations has also been confirmed by magnetic
resonance imaging (MRI) (40). Further, the degree of funcrional
modification of the muscarinic acerylcholine recepror in the
rabies-infected brain has not been correlated with the amount of



virus or the presence of apoptosis of neurons and presence of
rabies virus antigen (41,42). Curiously, apoprosis, previously
thoiight 1o be a principal cause of neuronal death, has been sug-
gested to be a potentially important defense mechanism against
rabies virus infection (43). Somewhat surprisingly; given the.
case-mortality rate, examination of rabies-infected brains usually
does not revegl dramatic histologic changes. Taken together,
both viral clinical expression and pathogenicity may be more
influenced by ither physiologic or nonlytic mechanisms aterib-
utable to host defense systems and may be due to the intrinsic
nature of certain neuronal eell types, such as the interaction
between glial cells and neurons (44—46). In general, involve-
ment of the limbic system may result in aberrant sexual activity
and loss of behavioral control, whereas brainstem involvement
usually results in failure of body remperamure conrol and altered
patterns of respiration, leading to respiratory arrest.

Another important component of disease is the centrifugal
spread of virus back out of the CNS o peripheral sites. Specifi-
cally, virus replication in acinar cells of salivary glands can result
in excretion of high virus loads (22,23). Centrifugal transport of
virus from the CNS leads to infection of a variety of other
organs (1~3,36). Observation of virus infection at locations our-
side the CNS has resulted in the recognition thar tissue biopsies,
such as of skin follicles at the nape of the neck, may be extremely
helpful for diagnostic purposes. Similarly, virus may be found in
corneal cells; drawing the association between corneal impres-
sions and antemortemn diagnosis (47) of rabics virus infection
(although this may not be as sensitive as compared to biopsies of
the nape of the neck, and improper technique may lead two
corneal lesions). Thus, corneal transplants can be a source of
infection and result in person-to-person transmission (48). End
stage, virtually all innervated organs are involved following nat-
ural infection, including portions of the heart, kidneys, lungs,
and gastrointestinal tract. As opposed 1o neuronal transport in
both centripetal and centrifugal spread, viremia is unimportant
in natural infections,

The pathogenesis of rabies virus infections due w0 “nonbitce”
exposure requires viral acquisition at alternative sites, such as the
mucosz (37). For example, if exposurc occurred from an aerosol,
a5 in a laboratory accident, replication of virus may occur in
olfacrory neurocpithelium, with direct neuronal transmission to
the brain by the olfactory tract. Similarly, with corneal infection,
direct retrograde spread of virus from the ¢ye to the brain via the
optic nerve may oCcur.

Why does the immune system not clear rabies virus, espe-
cially during prolanged -incubation periods? It may in some
cases, but the rclationship between the role of cell-mediated
immunity and the prevention of rabies virus propagation is not
clear. Current dara suggest that cell-mediated immune responses
probably play only a minor role in successful ¢clearance of virus,
which could explain certain clinical manifestations and may

influence apoptosis (43,49~51). In contrast, with the recognized ——

value of the administration of RIG and the gencration of
humeral 2ntibody responses after vaccine administration, circu-
lating neutralizing antibodies decrease mortality, ar least before
the advent of dinical signs. Conservatively, abrogation should
occur before neuronal acquisition in an ideal sense, cven though
some preliminary experimental animal intervention studies sug-
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gest the effectiveness of certain neutralizing monoclonal anti-
bodies, even after CNS$ involvement {52). :
Replicacion of rabies virus occurs primarily in perikaryon and
dendritic processes of neurons (1-3,53). Long incubation peri-
ods may be related to the sequestration of virus either within
neutons or outside the nervous system within peripheral muscle
fibers, before ascending in nerves (33-35,53). Regardless of the
location where virus may reside in the interim, eventual invasion

. of the CNS via peripheral neuronal pathways is well docu-

mented (rather than other nonneuronal roures), although the
ultimate explanation as to the precise méchanism for prolonged
incubation periods is not understood, unlike the genomic strate-
gies employed by herpes or retroviruses.

Pathology

Gross findings in the brain are usually not remarkable, beyond
occasional slight swelling and congestion (54). The typical
pathologic observations in rabies are similar to those encoun-
tered with other suspected viral encephalitides. Microscopic
lesions may be significantly less extensive, especially in light of
the otherwise striking clinical symptomatology of hydrophobia,
frenzied activity, and bizarre behaviors. Evidence of perivascular
cuffing is 2 nonspecific characteristic of rabies virus infection of
the brain, and it may be mild -and limited. Sporadic neu-
ronophagia and neuronal necrosis may also present as a compo-
nent of the acute stages of disease {35). Areas of the CNS com-
monly involved include the meduila, pons, spinal column,
dorsal oot ganglia, cerebellum, and hippocampus. A
histopathologic study of paralytic rabies pacients suggested
peripheral nerve demyelination as a prime pathologic change
(56). In peripheral nerve specimens studied, there was mild to
moderate foss of myelinated fibers in most nerves. Scgmental
demyelination and remyelination was present in 16 teased nerve
preparations, Axonal loss to a variable degrec was present in only
four, and wallerian-like degeneration in teased single fibers was
noted in six nerves. In nine nerves, the primary abnormality was
segmental demyelination and remyelination, or myelinated fiber
loss, eicher singly or in cor_:bination. In none of these cases was
wallerian-like degeneration seen as the only pathologic feature.
All spinal nerve studies showed evidence of wallerian-like degen-
eration, as well as segmental demyelination (56), a finding
absent in cases of encephalitic rabies (57).

The striking clinical similarities between paralytic rabies and
the Guillain-Barré syndrome, with evidence for peripheral
demyelinaiion, may suggest immune-mediated processes as
causative factors for the dlinical weakness experienced during

parabic rahies,
) -

Upon histopathologic examination of the CNS,.a classic
finding is the presence of Negri bodies (9) in neurons; as
byproducts of viral replication. These inclusions are most com-

-monly found in areas of active viral replication, especially the

hippocampus, cerebellum, and brainstern. When correctly iden-
tified and differentiated from other intracytoplasmic inclusions,
they are considered pathognomenic for rabies virus infection.
However, detection in affected brains varies, and these particu-
lac inclusions appear only in subsers of affected neurons, com-
pared with more sensitive means of viral antigen detection (58). -
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.Dupont and Earle '(55) suggested a relationship berween
histopathologic findings in the brain with duration of morbid-
ity in rabid humans. Death occurred most rapidly {usually in 1
month) in those padents who had evidence of cither encephali-
tis or congestion only, When Negri bodics were present cither
alone or in the presence of encephalitis, morbidity extended 10
approximately 66 and 73 days. These findings imply that Negri
bodies appear rather later in the course of disease and again
lessen their diagnostic value during early onset, which is not a
limitation for more modern means of diagnosis.

EPIDEMIOLOGY

Rabies is distributed among mammals on all naturally inhabited
continents (3,11). In general, the essential global epidemiology
of human rabies largely parallels rabies infections of domestic
animal populations. Additionally, the increasing prevalence of
rabies in wildlife populations poses inereasing problems for pub-
lic health. When efforts to conwrol domestic animal rabies, par-
ticularly the dog and car, have succeeded, the incidence of
human rabies has fallen dramatically (59). As a recent example
(Fig. 16.2}, based on dama supplied by officials in the National
Health Ministry and the Pan American Health Organizarion,
human motuality from canine rabies in Mexico declined from
nearly 70 cases per year in 1990 (with more than 10,000 rabid
dogs reported) to an unprecedented single human case in 2001
{other human cases were due to wildlife), related 1o massive
canine vaccination campaigns.

Cases of human rabies occur mainly in arcas of the world
where public health programs designed to control domestic ani-
mal rabies have not been adequately implemented. In such situ-
ations, based on global surveys by the World Health Organiza-
tion, the incidence of human rabies may exceed 3 10 4 cases per
100,000 individuals. In concrast, human rabies has declined in
other zreas of the world to 0.04 per 100,000 individuals, or less.
In the United States, the control of rabies in domestic animal
populations has led to a significant decrease in the number of
infected humans, from more than 30 faralities in 1946 (when
more than 8,000 rabid dogs were reported) ro the current level
of 1 to 2 cases per year (59,60). Current cases occurring in the
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Uhited States have been the consequence of individuals having
been birten by rabid dogs outside of the territorial borders of the
country or from wildlife (61-64). No human rabies cases have
been documented from indigenous domestic animals in more
than 25 years.

In areas where domestic animal rabies control programs are
in effect (such as the United States, Canada, and Western
Europe), indigenous dogs no longer account for cases of human
rabies (1-3). In contrast, where domestic animal rabies has not
been controlled, dogs may account for more than 90% of cases,
In addition, in different areas of the world, various wildlife
species can serve as sources for rabies virus infection. These
include the fox in Eurasia and Arctic rcg!c{ns, mongoose and
jackals'in Africa and pars of Asia, the wolf in the Middle East
and Asia, vampire bats in Latin America, and ‘other bat species
worldwide. Globally, specific rabies virus variants are adapred 1o
different host carnivore or bat species (1-3). These viruses may
be compartmentalized and form intraspecific patterns (such as
fox rabiés and mongoose rabies) or may result in spillover infec-
tions in dead-end hosts (e.g., vampire bat rabies virus infections
in cautle). Endemic dog-to-dog transmission with specific virus
variants may perpetuate in some areas (as in many parts of Asia,
Africa, and Latin America). Wildlife may reintroduce rabies into
dog populations, in which the discase has been otherwise con-
trolled (63). From a practical perspective, nearly all human cases
are due to dead-end spillover infections from affected hosts.

The control of domestic animal rabies in the United States by
canine vaccination, leash requircments, and stray znimal
removal has led to 2 significant decrease in the number of cases
of rabies in humans (59-61,65). The major reduction in human
deaths began even before significant improvements in modemn
prophylaxis. Recognition of the emergence of the disease among
wildlife, such as raccoons, skunks, foxes, and coyotes in the
United States, not only is a reflection of real epidemiologic phe-
nomena but also relates to the luxury for additional surveillance
afforded after active dog rabies control. Besides terrestrial carni-
vores, another important source of infection, superimposed on
the landscape, is bat rabies. Globally, multiple human deaths
have resulted from exposure to rabid bats on all inhabited con-
tinents (Table 16.3). Recognizing the bias inhetent in all passive
surveillance systems, bats account for abour 10% of the reported

FIG. 16.2. Comparison of human and canine rabies cases in Mex-
ico. (Courtesy the Ministry of Health, Mexico City, and the Pan
American Health Organization, Washington, DC.)
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TABLE 16.3. HUMAN RABIES FROM EXPOSURE TO BATS, OTHER THAN VAMPIRES

Yr/Region

Location

Nature of Exposure

United States

1951
1956
1958
1959
1970

1993

1994

1995

1996

1997

1998
2000

2002

Canada
1970
1977
1985
2000

Latin America
1999
1996

Asia
7954

Africa

. 1970

Eurasia
1977
1985
1985
2002

Australia

1996
19598

Texas

Texas
California
Texas’Mexico
Wisconsin
Ohio

New Jersey
Kentucky
Maryland
Oregon
Oklahoma
Kentucky
Michigan
Pennsylvania
Texas
Arkansas
Georgia
New York
Texas
California
Alabama
West Virginia
Tennessee
Washington
Catifornia
Connecticut
California
Kentucky
Moentana
Moentana
Washington
Texas

New Jersey
Virginia
California
Georgia
Minnesota
Wisconsin
California
Tennessee
lowa

Saskatchewan
Nova Scotia
Alberta
‘Quebec

Mexico
Chile

Andraha, India

South Africa {Transvaal}
Former USSR

Former USSR

Finland

Scotland

Rockhampton
Mackay

Bite

Unknown, worked with rabid bats

Bite (L. noctivagans)

Unknown, frequented bat caves

Bite

Bite (E. fuscus)

Bite

Bite

Bite

Unknown, bat virus identified
Unknown, bat virus identified
Unknown, bat virus identified
Unknown, bat virus identified
Unknown, bat virus identified
Bite, bat virus identified
Unknown, bat virus identified
Unknown, bat virus identified
Unknown, bat virus identified
Unknown, bat virus identified
Unknown, bat virus identified
Unknown, bat virus identified
Unknown, bat virus identified
Unknown, bat virus identified
Unknown, bat virus identified
Unknown, bat virus identified
Unknown, bat virus identified
Unknown, bat virus identified
Unknown, bat virus identified
Unknown, bat virus identified
Unknown, bat virus identified
Unkniown, bat virus identified
Unknown, bat virus identified
Unknown, bat virus identified
Unknown, bat virus identified
Unknown, bat virus identified
Unknown, bat virus identified
Bite, bat virus identified
Unknowr, bat virus identified
Unknown, bat virus identified
Unknown, bat virus identified
Unknown, bat virus identified

Unknown, bat contact
Bite

Unknown, bat rabies virus identified
Unknown, bat rabies virus identified

Unknown, bat rabies virus identified
Unknown, bat rabies virus identified

Bite

Bite, Duvenhage virus identified

Bite, virus not identified

Bite, European bat virus | identified

Worked with bats, European bat virus H identified
Worked with bats, European bat virus li identified

Worked with bats, Australian bat virus identified
Bitten by flying fox, Australian bat virus identified

Data from references 1-3, 11, 13, 59-61, 63, 64, 66, 67, 118, and surveillance reports to the World Health

Crganization.
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rabies-infected animals in the United States today (63). Expo-
sure to infected bats 2ccounts for most current human deaths
attributed to rabies in this counuy (64).

The pathologic and clinical findings in animal rabies are sim-
ilar ro the observations encountered with human disease, result-
ing in cither “furious” or “paralytic® manifestations. Animals
exhibiting furious behavior can exhibit extreme agjtadon,
altered gaiv, irritability, nervousness, and aggressive activity
toward inanimate objects. With the dumb or paralytic form of
discase, there is ascending: paralysis with general hindquarter
weakness and gakt disturbance,

Besides specific viral assemblages and host species contribu-
tions to the complex epidemiology of rabies, geographical facets
are also apparent, Historically, several areas of the world have
been considered “rabies free,” To qualify for such a distinction
by current World Health Organization standards, no cases of
rabies should be identified in the area for at least 2 years, assum-
ing an adequate surveillince system exists. Such councries
include many of the islands of the Caribbéan, Uruguay, Sweden,
Porrugal, Iccland, Japan, Oceania, among others. The danger
with such an absolute connotation is a certain public health lax-
ity that may evolve, as well as the lack of vigilance needed for
maintenance of mitigative measures agzinst the possibilicy for
introduction. The emergence of bat rabies in areas presumed to
‘be rabies free for some time, such as the United Kingdom and
Australia, shiould reinforce the obvious need for continued sur-
veillance and prepasedness (66,67).

‘Human rabiss occurrence is not random by age, sex, or sea-
son. In areas where the disease is endemic among dogs, human
rabies often occurs most often in younger people, particularly in

boys younger than 15 years, accounting for nearly 50% of alt-

cases (68). Overall, the male-to-female ratio indicates thar the
frequency in males may be approximately 60% ro 709%. Likely,
the higher proportion in males and younger children may relate
to a propensity to be outdoors and 1o be in frequent contact
with dogs, with a shorter stature predisposing perhaps 1o more
serious bites and a decreased chance of ready escape to avoid
being birten. As mighe be expected, the seasons of greatest risk
for exposure 1o rabies virus ocour most often during the months
of May through September in the United States bur will vary
elsewhere in the world in part during those times when there is

greater outdoor activity between humans and other animals,
Likewise, human exposure may vary in regions where bats hiber-
nate or migrate (63).

Currene statistics sugpest that. more than 30,000 human cases
occur per year, with most of these cases occurring in India and
other parts of Asia (69). The number of actual cases may be far in
excess of that actually reported. Overzll, however, human cases
parallel the gross distribution of animal cases throughout the
world. International travelers should be aware of endemic areas of
rabies and wake proper precautions in thesc regions 1o avoid expo-
sure. In urban populations where canine rabies is not under con-
trol, the dose association between humans and dogs results in a
high aumber of cases. In the United States, cven though wild ani-
mals are the reservoirs, infected domestic animals usually account
for the Jargest number of human exposures (70). -

Other reported histotic sources of infection include mucous
membrane of wound contamination, inhalation of acrosols
(sither natural or by kaboratory accidents), improperly inacti-
vated vaccine-induced cases, and corneal transplantation with
infected tissue (37,48,71-78). Most current human rabies cases
associated with bat viruses in the United Stares have occurred
without a history of bitc exposure, perhaps in part duc to
lengthy incubation periods and forgotten episodes, ignorance of
the risk associated with bac bite, trivialization of the wounds, or
unrecognized bites (61,62,64;79). -

CLINICAL SYMPTOMS

Background

Potential contact with a rabid animal does not equate with expo-
sure, and netall humans biteen by a rabid animal will develop a
productive viral infection. Infection is a function in part of 2
variety of factors, such as the virus variant, excretion of virus at
the time of the bite, quantity of vitus excreted, site and severity
of the bite, and derermination of whether the bite occurred
through an article of clothing. A rather basic understanding of
rabies occurrence appreciates the obscrvation that a productive
infection usually leads ro death and the relationship between the
site and severity of exposure, which may be importanr in the
assessment of risk for the bitren subject (Table 16.4). Using the

TABLE 16.4. REPRESENTATIVE MORTALITY IN UNVACCINATED PEOPLE
FOLLOWING EXPOSURE TO ANIMALS ASSUMED RABID

Location of Exposure Extent of Exposure Mortality (%)
Face : Bites {(multiple and severe) 60-100
Other parts of head __ Bites (multiple and severe) 50
Face Bite (single) 3040
Fingershand Bite (severe) 15-20
Face Bites {(multiple and superfizial) 10
Hand Bites [cupacficial) 5
Trunkflegs  — ——. Bites (through torn dlothing) 3
Hands/exposed skin Bleeding and superficial wounds 2

Skin covered by clothes Bleeding and superficial wounds 0.5
Recent wounds Saliva contact 0.1
Wounds >24 hr old Saliva contact 0.0

From Babes V. Traite de la Rage. Paris: Balliese et Fils, 1912:81-119, with permission.



rabid animal bite as 2 model, we find that mortality appears
related to the number, location, and severity of the bites. For
example, bites to the face, which are multiple and severe, may be
associated with & mortalicy of about 60% or more in the absence
of specific prophylactic intervention, with a similar rate for mul-
tiple severe bites to other parts of the head. Historically, wolves
in the Old World have bezn associated with some of the highest
rates of famlity per episode. In contrast to head and facial
lesions, severe bites to the fingers or hand are associared with
lower mortalicy (about 15%), suggesting a lower rate of produc-
tive infection (or perhaps associated with the ability for more
adequate cleansing). Superficial exposures 1o skin or wounds
with infectious saliva are assoctared with even lower mortality
rates, ranging at of below approximatcly 3% {68,80-82). Obvi-
ously, merely petting or seeing a rabid 2nimal is not a source of
exposure, and neither are fomites. Regardless of the site or sever-
ity, any known or likely exposure 1o a rabid or suspect animal
should be considered a possibility for rabies infection, and
appropriate medical consultation about the need for prophylaxis
measures should be instituted.

Animal bite remains the primary rationale for administering
rabies postexposure prophylaxis, because it is the modality most
often involved as the cause of human rabies cases worldwide.
Nonbite exposures only rarely result in rabies, but nevertheless
vaccination is often provided for this rather common scenaric.
Indirect, nonbite exposures have not been documented to cause
rabies. Asymptomatic infection has been suggested, as indicated
by the rare detection of low-level antibodies in unvaccinated
persons with occupations having potential exposures to rabid
animals (83-85).

Events following infection can be divided roughly into five
stages: (a) incubation period, (b) prodromal phase, () acute
neurologic phase, (d) coma, and (¢) death {or rarely, recovery).
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Incubation Period

The incubation period is extremely variable, from as short as a
few days 1o as long as several years (1-3,86,87). These widely
discrepant periods make it one of the most variable of all infec-
tious diseases (59-61,88-96). During the incubation period,
the host is free of symptoms. Typically, the interval ranges from
30 1o 90 days (Table 16.5). A shorzer incubation period may be
encountered in thosc individuals with more severe exposures,
such as those cases involving the head and face. The site of the
bite varies somewhat beeween adules and children, with the lat-
ter more frequentdy experiencing bites to the head, face, and
neck, explaining 1 difference in periods by age. Stress and inad-
equate vaccination after exposure may decrease the incubation

period (86,97).

Prodromal Phase

Initial clinical findings of disease are usually vague and nonspe-
cific and indude malaisc, fever, and myalgia (1,3). Chills with
fever may develop in excess of 50% of patients (86). Additonal
componenss include nausea, vomiting, abdominal pain, and
diarthea, Padients may repore tingling in the bitten extremicy
and pain at the site of the original bire.

Acute Neurologic Phase

Neurologic findings associated with rabies can be classified into
one of two general forms of clinical manifestations: cither “furi-
ous” rabics or “paralytic” rabies (86). Most patients will suffer
from a furious form of rabies, with more than 80% of paticnts
developing agitation, acure behavioral changes, hyperacuvity,

TABLE 16.5. CLINICAL PROGRESSION OF RABIES IN HUMANS FOLLOWING EXPOSURE TO RABID ANIMALS

Stage Duration

Clinical Association

Incubation period
<30 days: about 25%
>80 days to 1 year: about 20%

»1 year; about 5%
Prodromal phase 2-10 days
Acute neurologiv phase 2-10 days
Coma 0-14 days
Death or recovery {very rare) Variable

30-90 days: about 50% of cases

No clinical findings

Paresthesia andfor pain at the site of bite

Anorexia, nausea, vomiting

Headache

*Furious rabies” (about B0% of cases)

Halludinations, bizarre behavior, anxiety, agitation, biting
Hydrophobia

Autonomic dysfunction

~Paralytic rabies” {about 20% of rases)

Flaccid paralysis

Paresis

Ascending paralysis

Syndrome of inappropriate secretion of antidiuretic hormone
Diabetes insipidus

Multiorgan failure

Respiratory/cardiac failure

Newrclogic dysfunction

From Fishbein DB. Rabies in humans, In: Baer GM, ed. The natural history of rabies. Boca Raton, FL: CRC Press, 1951:519-551,

with permission.
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-excizability, and hallucinations (86,98). During this furious
stage of the discase, patients may become exwremely combative,
requiring restraine and sedation (Fig. 16.3). A varying percent-
age of patients have hydrophobia, consisting of episodes that lasc
1 to 5 minutes and that are associated with an aversion to drink-
ing water (99-101).

Trousscau at the Clinique Médical de FHétel-dieu de Paris,
in"1865, provided 2 rather graphic description of rabies, worth

repeating:

Finally there appears a symprom practically constant in esrab-
lished rabies in man, the horror of water. The site of this liquid
often suffices to bring on a general wemor; bu it is, above all,
when the patient wishes to bring water to his lips that this special
horror comes on, those convulsions of the face and of the entire
body which make z vivid impression on those who witness an
artack. The rabid man completely preserves his reason; he is
thirsty; he wishes 1o drink, he bids his hands to carry to his lips
the vessel filled with liquid, but no sooner does it touch him than
the unhappy creature withdraws, tesrified, sometimes he cries out
that he cannot drink; his face shows agony, his eyes arc fixed, his
features contracted; then his limbs shake and his body quivers.
The crisis lasts several seconds, gradually calm scems to return,
bue the least contact, even a breath of air, suffices to start a new
crisis, such 2¢ the hypersensitivity of the skin. He cannot wash
hands or face or comb his hair without being menaced by con-

vulsions.

In addition, these patients may experience focal or gener-
alized seizures, which have been sssociated with high mortal-
iy

The alternative form of rabies is known as “paralytic® or
“dumb” rabics. For patients with this form of disease, ascending
paralysis is the predominant dinical finding (86,101--105). Var-
ious forms of paralysis may develop in the afflicted patients,
ranging from paralysis of one limb to quadriplegia. Combined
motor and sensory involvement may occur, as might the Guil-
lain-Barré syndrome (106,107). Near termination, there is over-

lap between the furious and the paralytic form of mabies. The
duration of cither form of disease can last several weeks.

Coma

Paticnits develop, with varying degrees of rapidity, either coma
or extremely rarely recovery. Coma can develop virtually
immediately after the onset of clinical symptoms, or it can
occur some 14 days after the onset of clinical disease. Death
occurs approximatcly 18 days after onset of illness but may be
extended by heroic means, For individuzls who receive inten-
sive support, survival following onsct' of illness averages
approximately 25 days (59-61). In gcncra\]. the furious rabies
patient has a shorter survival period than the dumb rabies
patient. )

Death

Numerous complications contribute to mornuzlity in patients
with rabies (86,101) (Table 16.6). Given its predominant neu-
rotropism and replication dynamics, the most important of
these relate to involvement of the CNS. Obviously, complica-
tions can include multiple organs, because rabies virus can be
transmitted peripherally to organs other than the CNS. Neuro-
logic complications are significant and may include inappropri-
ate secretion of antidiuretic hormone, dizbetes insipidus, a
hypoventilation or hyperventilation syndrome with involvement
of the brainstem, alverations of temperature, and inability to
control blood pressure (86,101,109). Other organ complica-
tons include myocarditis, renal failure, and gastroineestinal
involvement (110-112).

To date, only five paticnts arc reported vo have recovered
from rabics, bur none spontancously (73,113-116). In all cases,
patients received cither preexposure of postexposure rabies vac-
cination. Recovery was complete in only one child, bur the
adules had neurologic sequelae.

FIG. 16.3. Hospitalized human rabies case in
restraints, during the acute neurologic phase, (Cen-
ters for Disease Control and Prevention, Public
Health Image Library, 1959.)



TABLE 16.6. CLINICAL MANIFESTATIONS AND
POSSIBLE COMPLICATIONS OF HUMAN RABIES

Central nervous system
Hyperactive episodes
Hydrophobia, aerophobia
Seizures
Localized neurologic signs
Cerebral edema
Inappropriate secretion of antidiuretic hormone
Diabetes insipidus
Pulmonary system
Hyperventilation
Hypoxemia
Atelectasis
Pneursomediastinum
Apneafrespiratory arrest
Pneumonia
Pneumnothorax
Cardiovascular system
Arrhythmia
Congestive heart failure
Hypotension
Arteriovenous thrombosis
Other
Upper gastrointestinal tract bleeding
lleus
Urinary retention
Hyperthermia
Hypothermia
Renal failure
Priapism

From Fishbein DB, Rabies in humans. In: Baer GM, ed. The natural history
of rabies. Boca Raton, FL: CRC Press, 1991:519-551, with permission.

DIAGNOSIS

The diagnosis of rabies in the encephalitic patient is based on
several parameters, including a history of an association with a
known or suspected rabid animal bite or relaced exposure o the
virus, and specific laboratory tests for (a} viral antigen demon-
stration, (b) serology, {c) viral nucleic acid detection, {d) virus
isolation, or (¢) histopathology (15,61). These tests may be per-
formed cither antemortem or postmortem.

Addirional studies may support a diagnosis of rabies in an
encephalitic patient, including electroencephalography or radi-
ographic imaging of the CNS, such as axial computed tomogra-
phy, realizing that such findings may be nonspecific (117,118).
MRI may also be helpful (44,119). For example, nonenhancing
ill-defined mild hypersignal T2-weighted changes of the brain-
stem, hippocampus; hypothalamus, deep and subcorticai white
matter, and deep and certical gray martter could be demon-
strated in noncomatose patients with rabies, cither the furious or
the paralytic form. Enhancement with gadolinium at the hypo-
thalamus, brainstem nuclei, spinal cord gray marter, and
intradural spinal nerve roots could be scen when the patients
become comatose. During the prodromal phase, enhancement
along the brachial plexus of the bitten arm could also be
observed in a patient who had local neuropathic symproms.

Initial clinical and epidemiologie findings should support a
diagnosis of rabies, particularly for individuals living in areas
where the disease is hyperendemic, and clinicat acumen is main-
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tained. Association of animal bite with the typical neurologic
sequence of events provides a strong suggestion of cvidence. of
rabies infection. However, other etiologies may mimic aspects of
rabies. Moreover, the disease may be atypical in its presentation
and may nos be easily recognized by clinicians unfamiliar with its
diverse manifestations {61). Rabies should be considered in the
differential diagnosis of any uncxplained viral encephalitis, regard-

less of a history of recent animal exposure. Differential diagnosis
includes encephalitis caused by arboviruses, such as Japanese,

equine encephalitis, and West Nile viruses, and enterovirus-71

and Nipah virus infections (44). For example, diffuse flaccid

paralysis was found in about 10% of patients with West Nile virus

encephalitis, with no discernible ascending partern of progression,

due 10 anterior hotn cell involvement responsible for the weakness

€120,121). Asymmetric, pure motor poliomyelitis-like weakness

<an be seen in patients with Japanese encephalitis. Myoclonus and

other brainstem signs have been found in enterovirus-71 and

Nipah virus encephalitis. Patterns of disease progression (acute or

more chronic), the rapid or slow degeneration of consciousness

levels, specific clinical signs of hydrophoba and hypersalivation,

the appearance of brainstem symptoms, and the use of imaging

analysis can suggest rabies or rule out other more likely pathogens

(11,44). Use of the modern diagnostic virology laboratory is

essencial if a definitive diagnosis of rabics is to be ascerrained, par-

ticularly for the antemortem demonstration of viral nucleic acid

in infected marerial via reverse transcriptase polymerase chain

reaction and  nucleic  acid  sequence-based amplification

(61,122,123). Moreover, the demonstration of rabics virus anti-

gen by a fluorescent antibody technique following cither 2 brain

bicpsy or a full-thickness biopsy of the nape of the neck, where

hair follicles are abundant, may be used routinely for diagnosis of
rabies {61,124). The sensitivity of skin biopsy for diagnosis of
rabies is in excess of 50% and may be as high as 90%, with 4 speci-

ficity of nearly 100%. Nuchal biopsy should replace cotneal

smears {61,125) as the dizgnostic method of choice, because flu-

orescent staining of corneal cells may be assoctated with problems

with specificity, as well as unintended corneal lesions.

Related diagnostic approaches include virus isolation from 2
putatively infected host. Rabies virus can be isolated from the
brain or saliva of infected individuals after direct intracerebral
inoculation into laboratory animals, such as suckling or weanling
mice, or infection of susceptible cultures, such as neuroblastoma
cells (15). The frequency of viral isolation may vary according to
disease duration and host immune response but can be as high as
60% or mote {61). The probability of viral retrieval may be
higher in the absence of virus-neutralizing antibodies.

Full postmortem examination of tissues can yield virus isola-
tion, viral andgen, nucleic acids, or histopatholoeic evidence of
infection. The brain is the usual site for isolation of rabies virus,
partcularly those areas of the brain usually infected by-this
pathogen. In addition, virus can be isolated from other exit poral
tissues at autopsy, such as the salivary gland_ Recause of the periph-
eral excretion of rabies virus from saliva, fluids from these paticnts
can pose a theoretical source for nosocomial infection, although
there are no recent reports of infected health care workers (126).

Intensive histopathologic examination of the brain may
demonstrate the presence of intracytoplasmic inclusions within
neurons, or Negri bodies, although the use of immunohisto-.
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_chemistry should improve detection over classic techniques
(127,128). The addition of electron microscopy ro the evalua-
tion of brain specimens may increase the diagnostic yield of
histopathology alone, but it is not the most obvious, effective, or
preferred method of investigation.

Serologic approaches to the diagnosis of rabics infection have
been conducted on both patient serum and cercbrospinal fluid
{CSF) specimens (15,61). A variery of assays exist for derermi-
nation of scrologic stats. Of particular interest is the appear-
ance of neutralizing antibodies in the CSE which is indicative of
the diagnosis of rabies virus infection, as is antibody in the
serum of naive patients (61,129).

TREATMENT AND DISEASE PREVENTION

Treatment

No specific therapy exists for rabies after disease manifestation,
although some recant suggestions have been propesed (86,130).
Regardless of sophisticated technology for intensive care of other
patients, rabies remains an unwreatzble infection associated with
near-uniform fatality. Current specific management for rabid
patients entails palliarive care only. Anention to the medical
needs of such patients in an intensive care serting may lengthen
the morbidity period, but the unrelenting progtession of this
viral encephalitis does not generate overt clinical optimism.

Prevention

Ideally, prevention of human rabies would occur by the elimina--
tion of the virus in the animal communicy. To date, domestic ani-
mal vaccination programs have helped control rabies significandy
in the United States and other developed countries during the
1940s to the 1950s (65). Alternatively, wildlife vaccination pro-
grams have achieved success in sotne developed countries. Regard-
ing humans, when exposure does occur, several other components
of disease prevention warrant consideration. These indude (a) cval-
uation of the risk for acquiring rabies, (b) local wound deaning, (c)
administration of vaccine, and (d) the administradon of RIG
(131). Outside the United States, other biologicals and vaccine reg-
imens may be used in rabies prophylaxis, as described by the World
Health Organtzation {www.who.int/vaccines/en/rabies.sheml),
Because of the high mortality rate associared with rabies and
the absence of effective antiviral therapy, prevention is para-
mount. Humans are not the primary source of rabies but are
only an uncommon dead-end host a5 a consequence of contact
with infected animals. Thus, interrupting the chain of wransmis-
sion events is essential. Alrering the risk of exposure may be
accomplished by decreasing contact with wild or domestic rabid
animals or by rapid intervention with prophylactic measures
after exposure occurs. Clearly, effective domestic animal rabies
control will significantly diminish the number of human rabies
cases (65). However, developing countries still experience a large
number of cases of rabies in humans, due to inadequate control
in poorly supervised dogs. In developed countries, prevention of
rabies in wild carnivore populations has been of increasing rcle-
vance, but the control of bat rabies will remain a practical prob-
lem for which adequate methods do not exist. Novel approaches

Vaccination (parenteral, oral)
4
RABID DOMESTIC ANIMALS <  RAEBID WILDLIFE
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"4 -«Nonproductive infection?
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FIG. 16.4. Potential chain of events and approaches to the prevention
and comrol of rables. (From Hattwick MAW, Gregg MB. The disease in

man. Ir: Baer GM, ed. The natural history of rabies. New York: Acade-
mic Press, 1975:282-304, with permission.)

should conitinue to exploit opportunities 1o interrupt the chain
of transmission events at multiple portals (Fig. 16.4).

Preexposure Prophylaxis

The risk of rabies can be significantly diminished by preexpo-
sure prophylaxis in high-risk individuals {131). These include

- laboratory staff in rabies virus rescarch laboratories and those

involved in the production of rabies virus biologicals. Such indi-
viduals would likely have continuous exposure to rabies virus.
Other categorics of individuals ar risk with frequent exposure
include rabies diagnostic lab wotkers, veterinarians, animal con-
trol staff, cavers, and wildlife workers in rabies epizootic areas.
Personnel should have their serologic status verified every 6
months to 2 years, depending on their refative risk of exposure.
Preexposure prophylaxis does not substitute for postexposure
requiremenes. Neverrheless, postexposure prophylaxis can be
greatly simplified in the vaccinated individual, beeause RIG is
not needed, and the number of vaccine doses is rednzed. A sean-
dard preexposure regimen for immunization employed in the
United-Smter includes the administration of vaccine intramus-
cularly over 3 1o 4 wecks, on days 0, 7, and 21 or 28 (Tzbie
16.7). Should subsequent exposure to rabies occur, revaccina-
tion with 1-mL doses is indicated on two occasions {days 0 and
3). Elsewhere in the world, intradermal vaccination may be
practiced with 0.1-mL doses, in an cffort to lessen costs.



TABLE 16.7. SCHEDULE OF PROPHYLAXIS
RECOMMENDED IN THE UNITED STATES BEFORE
EXPOSURE TO RABIES

Typeof vaccdnation

and route Regimens

Primary
Intramuscular 1 mL of HDCV, PCEC, or RVA in the

deltoid area on days 0, 7, and 21

or 28
Preexposure booster® 1 mL of HDCV, PCEC, or RVA in the
intramuscular deltoid area

*The administration of a booster dose of vaccine depends on the degree
of continuing rick and serologic monitoring for evidence of rables virus
neutralizing antibodies.

From Centers for Disease Control and Prevention. Human rables—United
States, 1999. MMWR Recomm Rep 1999;48(RR-1):1-21, with permission.

Postexposure Prophylaxis

A key element in postexposure prophylaxis is the rapid evaluation
of the risk to the individual. This risk varies according to the type
and extent of exposure. Unequivocally, bites are the most common
source of rabies virus infection from animals to humans. Nonbite
exposures rarely result in rabies, Other facess include the species of
the biting animal, the prevalence of tabies in the area, and the cir-
cumnstances of the exposure. For examplé, if after provocation, a
healthy domestic dog ot cat bites a child in a major utban ares,
with no recent occurrence of rabies, observatinn of this animal for
10 days is adequate for determinarion of risk of rabies virus infec-

tion (65,131). Should abnormal behavior develop in the animal,
approptiate intervention by veterinary personnel would include
cuthanasia, brain removal, and shipment 1 2 qualified local diag-
nostic laboratory. Under such circumstances, implementation of 2
postexposure prophylactic regimen is indicated only if the test
result is positive, Alteenacively, exposure to 2 wild 2nimal, suchas a
carnivore or bat chac is not available for testing, regardless of aleered
behavior, warrants implementation of prompt postexposure pro-
phylaxis. Local health deparmment officials are of assismnce in
determining risks in different areas. In the United States, wildlife
commonly affected includes skunks, raccoons, foxes, coyotes, bob-
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cas, and bass {63). In contrast, small mammals such as squirrels,
hamsters, chipmunks, rats, mice, and rabbits are not reservoirs.
Despite their ubiquity, thesc animals are infected infrequently, have
not been documented te transmit infection to humans, and almost
never warrant prophylaxds.

Prompt local wound care with copious flushing is essential to
the management of an exposed individual with a documented
bite and is probably one of the simplest, economical, and most
important means for preventing rabies. Soap or other products
used in routine bite wound care can decrease the wansmission of
experitnental rabies virus infection (132-134).

Following local wound care, exposed naive individuals should
be given RIG and vaccine (131). Human RIG is prepared by cold
ethanol fractionation of the plasma from immunized blood
donors. The RIG is given only once, in a per-weight dose (20
1U/kg of body weight). Most, if not all, is infiltrated direcdy at the
wound site, and the rest is administered intramuscularly. Equine
serum, obtained following hyperimmunization of horses, can be
used as well, if human RIG is not available. The dose of heterol-
ogous product under such circumstances is 40 IU/kg of body
weight. If the equine RIG is not purified, patients who receive
equine products may develop serum sickness or anaphylaxis, com-
pared with minimal adverse effects zmony individuals receiving
matetial of human origin {131,135). .

The historical utility of RIG in rabies prevention has been
demonstrated by reduced human morrality after bites by known
rabid animals, compared with vaccine alone (7,24). Ordinarily,
administration of RIG does nor interfere with active antbody
generation following vaccination, bur it should noc be given at
the site of vaccine administration or in the same syringe (131).
The safety of human RIG has been well documented and has
not been associated with the acquisition of any untoward
pathogens, such as hepatitis or retroviruses.

Concomitant with the administration of RIG, vaccin=
should be administered in the deltoid area, as opposed to the
gluteal region (136). In the United States, the administration
schedule begins as soon as possible after exposure (day 0}, and
on days 3, 7, 14, and 28 after the initial immunization (Table
16.8). Infants and smal! <hildren receive the same vaccine dose

TABLE 16.8. SCHEDULE OF PROPHYLAXIS RECOMMENDED IN THE UNITED STATES AFTER EXPOSURE TO RABIES

Vaccination status

Regimen*

Not previously vac\:_inated
Rabies immune globulin

Immediate cleansing with soap and water
20 1W/kg of body weight (if anatomically feasible, all of the dose should be infiltrated into and around the

wound or wounds and the rest should be administered intramuscularly); never administer more than the
recommended dose; do not use the syringe used for vaccine or inject into the same anatomic site

. Vaccine )

Previously vaccinated®
Rabies immune globulin
Vaccine

Should not be given

1 mL of HDQV, PCEC, or RVA intramuscularly in the deltoid area® on days 0, 3, 7, 14, and 28
Immediate cleansing with soap and water

1 mi of HDCV, PCEC, or RVA intramusaarly in the deltoid area® on days 0 and 3

*The regimens are applicable to all age-groups, including children.

*The deltoid area is the preferred site of vaccination for adults and older children. For younger children, the outer aspect of

the thigh may be used. Vaccine should not be administered in the gluteal area.

““Previously vaccinated” indicates previous vaccination with HOCV, PCEC, or RVA, or any uther type of licensed modern cell

culture rabies vaccine, or a documented history of virus neutrallzmg antibody r

esponse.
From Centers for Disease Control and Prevention, Human rabies—United States, 1999. MMWR Recomm Rep 1999;48(RR-1):-21,

with permission,



