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Abstract Rabies is a zoonotic disease that is usually transmit-
ted to humans by animal bites. Dogs are the most important
vector worldwide. There are encephalitic and paralytic forms
of the disease. There are differences in the clinical features of
the disease acquired from dogs and bats. Neuroimaging is
non-specific. Confirmatory diagnostic laboratory tests for ra-
bies include detection of neutralizing anti-rabies virus anti-
bodies in serum or cerebrospinal fluid and rabies virus antigen
or RNA in tissues or fluids. Rabies is preventable after recog-
nized exposures with wound cleansing and administration of
rabies vaccine and rabies immune globulin. Rabies is virtually
always fatal after clinical disease develops, and there have
only been rare survivors. The Milwaukee protocol, which in-
cludes therapeutic coma, has been shown to be ineffective and
should no longer be used. The development of novel thera-
peutic approaches may depend on a better understanding of
basic mechanisms underlying the disease.
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Introduction

Rabies is a terrifying infectious disease that has affected
humans since antiquity. Currently, there are about 60,000 hu-
man rabies deaths worldwide yearly [1], mostly related to the
presence of endemic dog rabies in developing countries in
Asia and Africa. In North America, rabies is endemic in wild-
life [2], and rabies in bats is an especially important threat for
transmission to humans. The vast majority of rabies cases are
preventable, but bat bites may not be recognized. However,
rabies is virtually always fatal once clinical disease develops.
The therapy of rabies in humans is an important challenge in
medicine, and the development of effective therapy may de-
pend on an improved understanding of basic mechanisms un-
derlying the pathogenesis of rabies.

Pathogenesis

Rabies is a zoonotic infection with rabies virus (RABV) trans-
mission by animal bites. RABV is a negative strand
(antisense) RNA virus in the family Rhabdoviridae and genus
Lyssavirus. RABV is secreted in the saliva of infected animal
vectors and is deposited in the tissues at the bite site. We have
learned about the sequential steps involved in rabies patho-
genesis from studies in animal models (Fig. 1). After an incu-
bation period, typically lasting weeks or months, in which the
virus is known to be close to the site of entry during most of
the period, there is viral spread in the peripheral nerves by fast
axonal transport to the brainstem or spinal cord (depending on
the site of inoculation) followed by dissemination throughout
the central nervous system (CNS) along neuroanatomical con-
nections. Subsequently, there is centrifugal spread of the virus
from the CNS along the autonomic and sensory nerves to
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Fig. 1 Schematic diagram
showing the sequential steps in
the pathogenesis of rabies after an
animal bite/peripheral inoculation
of RABV. From [63]

7. Centrifugal spread along
nerves to salivary glands,
skin, cornea and
other organs

3. Virus binds to nicotinic
acetylcholine receptors at
neuromuscular junction

multiple organs (e.g., the heart, adrenal gland, and skin).
RABYV spreads to the salivary glands in rabies vectors.

The neuropathology of rabies is characterized by mild in-
flammatory changes and eosinophilic inclusion bodies in the
cytoplasm of infected neurons called Negri bodies.
Degenerative neuronal changes are not prominent on routine
histopathologic studies. These observations led to the idea that
RABYV infection causes severe fatal disease by unknown
mechanisms producing neuronal dysfunction [3]. In an exper-
imental model of rabies in mice, Jackson and co-workers pro-
vided evidence that RABV infection (using a laboratory-
adapted RABYV strain) selectively injures neuronal processes
(dendrites and axons) without producing neuronal death [4].
This injury resulted in few morphologic changes in neurons
on routine histopathologic studies in mice inoculated periph-
erally with RABYV, which serves as an excellent model for
natural rabies. Further studies of RABV infection in cultured
adult rodent dorsal root ganglion (DRG) neurons showed
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evidence of oxidative stress resulting in axonal swellings
and degeneration and impaired axonal growth [5]. Studies of
mitochondrial function indicated increased activity of mito-
chondrial respiratory chain Complex I, a high mitochondrial
membrane potential, increased NADH/NAD+ ratio, and re-
duced ATP content [6]. These studies provide evidence that
increased Complex [ activity explains reactive oxygen species
(ROS) overproduction that was confirmed with measurements
of hydrogen peroxide production. RABV P amino acids in the
region 139—172 interact with Complex I and increase its ac-
tivity resulting in increased ROS levels [7].

Clinical Disease
The incubation period after exposure in rabies is variable,

typically 20 to 90 days, but ranges from a few days to a year
or more. Initially, there are often non-specific prodromal
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symptoms consisting of fatigue, loss of appetite, headache,
insomnia, anxiety, irritability, and fever lasting for up to a
period of 10 days. The initial neurological symptoms often
include paresthesias, pain, and/or itching at the site of viral
entry, which may be a healed bite wound. These symptoms
likely reflect infection and associated inflammation in local
dorsal root or cranial sensory ganglia. There are two clinical
forms of rabies: encephalitic rabies (in ~80 %) and paralytic
rabies (in ~20 %); fever occurs in both forms. In encephalitic
rabies, the burden of infection is thought to involve the brain,
whereas in paralytic rabies, it is thought to involve the spinal
cord, nerve roots, and peripheral nerves. In encephalitic ra-
bies, there are episodes of generalized arousal or hyperexcit-
ability separated by lucid periods [8]. Autonomic dysfunction
may be prominent and include hypersalivation, sweating, and
piloerection. This may be caused by direct infection of auto-
nomic nervous system centers or due to involvement of auto-
nomic pathways in the hypothalamus, spinal cord, or ganglia.
Hydrophobia occurs in about 50 to 80 % of patients and con-
sists of contractions of the diaphragm and accessory muscles
of inspiration with swallowing. Hydrophobia is probably due
infection involving brainstem neurons that inhibit inspiratory
motor neurons in the vicinity of the nucleus ambiguus [8, 9].
A draft of air on the skin or the breath of an examiner may
have the same effect, which has been termed aerophobia.
Subsequently, there is progression of the disease with impair-
ment of consciousness and development of quadriparesis. If
patients are managed aggressively in a critical care unit, then
cardiorespiratory complications and multisystem organ failure
commonly develop prior to death. Rabies is virtually always
has a fatal outcome within 14 days of the initial symptoms.
The duration of survival is strongly influenced by how aggres-
sively the patient is managed and the use of critical care
measures.

In paralytic rabies, weakness often initially develops in the
bitten limb, and there is progression to quadriparesis with
facial weakness. Patients are often alert and are normal men-
tally when their symptoms first begin. Neurological progres-
sion subsequently occurs without the development of hydro-
phobia, which is followed by death. The development of par-
alytic rabies is not related to the anatomical site of the bite
[10], and survival times are usually longer than for patients
with the encephalitic form of the disease [11¢]. Rabies may be
misdiagnosed as the Guillain-Barré syndrome (acute inflam-
matory demyelinating polyradiculopathy or the acute motor-
sensory neuropathy with predominant axonal involvement
(axonal Guillain-Barré syndrome) [12—-14]. Sphincter in-
volvement, especially with urinary incontinence, occurs com-
monly in paralytic rabies, but is not a feature of the Guillain-
Barré¢ syndrome [15].

Recently, dog- and bat-acquired rabies were compared in
detail based on published case histories [11¢]. Specific clinical
manifestations are more likely associated with either dog or

bat RABYV variants. Bat-acquired cases were more likely to be
misdiagnosed and to lack a bite history than dog-acquired
cases [11¢]. Hydrophobia, aerophobia, and encephalopathy
are more common in dog-acquired rabies, whereas bat-
acquired rabies more frequently has symptoms at the exposure
site, tremor, myoclonus, and abnormal cranial nerve, motor,
and sensory examinations [11¢].

Investigations

Imaging of patients with rabies is mainly performed in order to
evaluate for alternative diagnostic conditions that may be con-
sidered. In rabies, MR imaging may show lesions involving
the gray and/or white matter in the brain or spinal cord, but the
lesions are not specific for rabies. Interestingly, MRI findings
in the brain and spinal cord are reported to be similar in pa-
tients with encephalitic and paralytic rabies [16].
Cerebrospinal fluid (CSF) analysis often is abnormal. A CSF
pleocytosis was found in 59 % of cases in the first week of
illness and in 87 % after the first week [17]. The white cell
count is usually less than 100 cells/uL with predominant
mononuclear cells. There may be mild elevation of the CSF
protein concentration and CSF glucose is usually normal.
Specific diagnostic laboratory tests for confirming a diag-
nosis of rabies are for detection of neutralizing anti-rabies
virus antibodies in the serum (of a previously unimmunized
patient) and CSF, detection of RABYV antigen in tissues (typ-
ically a nuchal skin biopsy), and/or detection of RABV RNA
in saliva, skin biopsy, or CSF. RABV antigen may be detected
antemortem by using the immunofluorescent antibody stain-
ing of skin biopsies. Skin biopsies containing hair follicles
should be obtained by using a full-thickness punch biopsy
from the posterior region of the neck at the hairline. Many
sections should be taken that include several hair follicles.
Fluorescent antibody staining should be performed for
RABYV antigen, which is present in adjacent small sensory
nerves [18, 19]. Corneal impression smears have also been
used for rabies antigen detection, but this diagnostic method
has low sensitivity and false positive results may occur [17,
19-22]. RABV RNA from saliva, skin biopsies, brain tissue,
and CSF can be amplified using the reverse transcriptase po-
lymerase chain reaction. This technique, especially when ap-
plied to saliva samples, has proven to be an important advance
in the laboratory diagnosis of rabies. RABV RNA was detect-
ed in saliva from all of 10 patients with rabies who had this test
performed before death in the USA between 1980 and 1996
[20]. However, all of these investigations will only be per-
formed when a rabies diagnosis is seriously considered and
the appropriate specimens are sent to the laboratory. A nega-
tive test result, except when performed on brain tissues of a
symptomatic patient, does not exclude a diagnosis of rabies
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and additional specimens may need to be evaluated at later
time points.

Rabies Due to Non-Rabies Virus Lyssaviruses

In addition to RABYV, which is Lyssavirus genotype 1, five of
the six other Lyssavirus genotypes have been associated with
cases of human rabies, including Mokola virus (genotype 3)
[23], Duvenhage virus (genotype 4) [24-26], European bat
lyssavirus 1 (genotype 5) [27-30]., European bat lyssavirus
2 (genotype 6) [28, 31-33], and Australian bat lyssavirus (ge-
notype 7) [34-36]. In addition, one human case was reported
due to Irkut virus infection (genotype designation is pending)
[37]. These viruses are commonly called rabies-like or rabies-
related viruses.

Prevention of Rabies

Worldwide, endemic dog rabies in Asia and Africa is respon-
sible for about 99 % of human rabies cases. In Latin America,
dog rabies has been eliminated or greatly reduced in most
locations due to mass rabies vaccination of dogs so that very
few human cases are now due to endemic dog rabies. In
Thailand, a very different approach has also been shown to
be very effective. Post-exposure rabies prophylaxis of humans
with rabies exposures (e.g., dog bites) has greatly the number
of human cases to about less than 10 cases per year, despite the
continued prevalence of endemic dog rabies in the country.

Rabies post-exposure prophylaxis (PEP) includes wound
cleansing, passive immunization with rabies immune globu-
lin, and active immunization with doses of rabies vaccine. A
decision to initiate rabies PEP depends on the details of the
exposure and a knowledge of the local epidemiological situa-
tion. Local public health officials can be very helpful in eval-
uating the risk and need for prophylactic therapy.

Therapy of Human Rabies

Human rabies almost always has a fatal outcome. Most survi-
vors to date have had severe neurological sequelae and have
received one or more doses of rabies vaccine prior to the onset
of clinical rabies (Table 1). A group of physicians and basic
scientists with expertise in rabies considered the therapeutic
options and published a viewpoint article in 2003 [38]. The
following year, a young patient recovered from rabies without
receiving any post-exposure rabies prophylaxis [39]. She had
neutralizing anti-rabies virus antibodies at the time of presen-
tation to hospital. She recovered with mild neurological defi-
cits [40], but it is not at all clear exactly why she had a fairly
good outcome [41]. Her therapy included therapeutic coma
(midazolam and supplemental phenobarbital), ketamine, riba-
virin, and amantadine. Also this therapy, which has been
dubbed the Milwaukee protocol, has been relentlessly promot-
ed, and there have been numerous failures and no documented
successes despite numerous repetitions of the basic approach
with some variations [42¢]. There have been many modifica-
tions of the protocol, but the scientific foundation of the

Table 1  Cases of human rabies with recovery. Adapted from [64]

Location Year Age of patient  Transmission Immunization prior to onset Outcome Reference

us 1970 6 Bat bite Duck embryo vaccine Complete recovery [44]

Argentina 1972 45 Dog bites Suckling mouse brain vaccine Moderate sequelae [45]

us 1977 32 Laboratory Pre-exposure vaccination Severe sequelae [46, 47]
(vaccine strain)

Mexico 1992 9 Dog bites Post-exposure vaccination (combination)  Severe sequelae* [48]

India 2000 6 Dog bites Post-exposure vaccination (combination)  Severe sequelae™* [49]

usS 2004 15 Bat bite No post-exposure therapy Mild sequelae [39, 40]

Brazil 2008 15 Vampire bat Post-exposure vaccination Severe sequelae [50]
bite

Turkey 2008 17 Dog bites Post-exposure vaccination (one dose) Complete recovery [51]

India 2010 8 Dog bite Post-exposure vaccination and rabies Severe sequelae (remained [52]

immunoglobulin alive 5 years post-acute illness)

India 2011 17 Dog bite Post-exposure vaccination Severe sequelae [53]

South Africa 2012 4 Dog bites Post-exposure vaccination Severe sequelae [54]

Chile 2013 25 Dog bite(s) Post-exposure vaccination (one dose) Moderate sequelae [55]

India 2014 16 Dog bite(s) Post-exposure vaccination Severe sequelae [56, 57]

India 2014 6 Dog bites Post-exposure vaccination and equine Severe sequelae [58]

rabies immune globulin
India 2014 13 Dog bite Post-exposure vaccination Severe sequelae [59]

Recovery of cases with atypical features of rabies without the development of rabies virus neutralizing antibodies have not been not included because
they are likely not cases of rabies [60, 61]. A case reported by Rawat and Rao [62] was not sufficiently well-documented for inclusion

*Patient died less than four years after developing rabies with marked neurological sequelae (L. Alvarez, personal communication)

**Patient died about two years after developing rabies with marked neurological sequelae (S. Madhusudana, personal communication)
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protocol is very weak, and the approach should be abandoned
because of a lack of efficacy and risks associated with the
approach [43¢¢]. Instead, novel therapeutic approaches need
to be developed. These may come from an improved under-
standing of basic mechanisms involved in rabies
pathogenesis.

Conclusions

Rabies continues to be an important disease, particularly in
resource poor countries in Asia and Africa due to presence
of endemic dog rabies. Important differences in the clinical
features have been noted in human rabies acquired from dogs
and bats. Rabies can be very effectively prevented after rec-
ognized exposures. Despite aggressive approaches to the ther-
apy of rabies, the disease remains virtually always fatal. The
Milwaukee protocol has been shown to be ineffective, and
novel approaches need to be taken as we gain an improved
understanding of basic mechanisms important that are in ra-
bies pathogenesis.
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