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Rabies remains an important public health problem in developing coun-
tries, and the indigenous threat of rabies continues in developed countries
because of wildlife reservoirs. A diagnosis of rabies is often not considered
by physicians until late in the clinical course or after death in North America
and Europe, even with typical clinical presentations. Transmission of rabies
virus has occurred in association with transplantation of tissues and also re-
cently with organs. In 2004 a young patient survived rabies in Wisconsin,
but the reasons for this favorable outcome remain elusive. This article
reviews current information and developments on a variety of neurologic
aspects of rabies.
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Pathogenesis

Rabies virus is usually transmitted in the saliva from the bite of a rabid
animal; however, rare human cases have been transmitted by aerosols in lab-
oratory accidents [1], and in a cave containing millions of bats [2,3], and also
by transplantation of tissues and organs [4]. After a bite exposure, saliva
containing infectious rabies virus is deposited in muscle and subcutaneous
tissues. The virus remains close to the site of exposure for the majority of
the long incubation period, which usually lasts from 20 to 90 days
(Fig. 1). Rarely, the incubation period may last for over 1 year [5]. Rabies
virus binds to the nicotinic acetylcholine receptor in muscle [6], which is ex-
pressed on the postsynaptic membrane of the neuromuscular junction. Dif-
ferences in the susceptibility of different species for rabies may be related, in
part, to the quantity of nicotinic acetylcholine receptors in muscle, and
a marked difference has been reported in muscle of foxes (high content
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Fig. 1. Schematic diagram showing the sequential steps in the pathogenesis of rabies after

an animal bite. (Reproduced from Jackson AC. Pathogenesis. In: Jackson AC, Wunner WH,

editors. Rabies. San Diego: Academic Press; 2002; with permission.)
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and high susceptibility) and opossums (low content and low susceptibility)
[7]. After crossing the neuromuscular junction, the virus spreads within
axons in peripheral nerves by retrograde fast axonal transport [8]. Once
the virus reaches the central nervous system (CNS), widespread dissemina-
tion occurs by axonal transport along neuroanatomical connections [9]. The
bases for behavioral changes in rabies vectors is unclear, but studies in
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a skunk model of rabies indicate that impaired serotonin neurotransmission
caused by infection of raphe nuclei in the brainstem may play a role [10,11].
There are inflammatory changes in the brain, but neurodegenerative
changes are quite mild, which gives rise to the concept that neuronal dys-
function, rather than neuronal death, explains the severe clinical disease
with a fatal outcome [11,12]. The virus spreads from the CNS to multiple
organs along autonomic and sensory neurons, which results the salivary
gland infection in rabies vectors and, consequently, infectious virus is se-
creted in the saliva. There is involvement of nerves in close proximity to
hair follicles, which is the basis for a skin biopsy as a diagnostic test for ra-
bies in humans [13], and cardiac involvement may sometimes be associated
with a myocarditis. There is infection of nerve plexuses in other organs and
of the adrenal medulla [14].
Epidemiology

Globally, there are about 55,000 fatal human cases of rabies each year
[15]. Because rabies often occurs in children, when the years of life lost
are factored into an analysis, rabies is the seventh most important infectious
disease [16]. The main problem resulting in the majority of human cases
worldwide is endemic dog rabies in developing countries with dog-to-dog ra-
bies virus transmission. In developed countries, rabies in wildlife is the main
threat for indigenous cases. In the United States rabies is present in bats,
raccoons, skunks, and foxes, and bat rabies is present in all states except
Hawaii [17]. Bat rabies viruses are responsible for most human cases in the
United States and Canada. Transmission can occur without awareness of ei-
ther a bat bite or exposure to a bat. Bat rabies virus variants associated with
silver-haired and eastern pipistrelle bats, and, less commonly, with Brazilian
(Mexican) free-tailed bats are responsible for the majority of human deaths
in the United States. Raccoon rabies is present throughout the eastern
United States, but only a single known case of human rabies was associated
with the raccoon rabies virus variant [18]. Imported cases may also occur,
typically caused by dog exposures in developing countries.
Clinical features

Most cases of rabies can be diagnosed, or at least strongly suspected, on
clinical grounds. Human rabies is often misdiagnosed or only recognized rel-
atively late in the clinical course in developed countries because physicians
are not familiar with the disease. Delayed diagnosis often leads to many
exposures in health care workers, with a requirement for postexposure
prophylaxis (see below). Prodromal symptoms include malaise, headache,
fever, anxiety, and agitation. Pain, paresthesias, or pruritus may occur at
the site of the exposure, at which time the wound has often healed, likely
because of involvement of local sensory ganglia (eg, dorsal root ganglia).



720 JACKSON
There are two clinical forms of rabies: encephalitic (furious) rabies in
about 80% of cases, and paralytic (dumb) rabies in about 20%. In enceph-
alitic rabies there are episodes of generalized arousal or hyperexcitability
that occur separated by lucid intervals, autonomic dysfunction, including
hypersalivation, gooseflesh, cardiac arrhythmias, priapism, and hydropho-
bia. Hydrophobia, from the Latin meaning ‘‘fear of water,’’ is characterized
by spasms of inspiratory muscles, including the diaphragm, on attempts to
drink [19]. This may become a conditioned reflex so that even the sight of
water precipitates symptoms. It is thought that infection of brainstem neu-
rons near nucleus ambiguus is responsible for this feature of the disease that
is unique to rabies, and there is exaggeration of defensive reflexes that pro-
tect the respiratory tract [19,20]. Paralytic rabies is characterized by early
motor weakness, often beginning in the bitten extremity, with progression
to quadriparesis and often bilateral facial weakness. Sensory involvement
is not usually prominent and sphincter involvement is common. Patients
who have paralytic rabies usually survive longer than those who have en-
cephalitis rabies. Patients who have both clinical forms of disease eventually
progress to coma and, subsequently, often develop multiple organ failure,
and cardiac and respiratory complications are quite common [21]. Patients
survive longer with aggressive care in a critical care unit. Only six patients
have survived rabies [4], and five of these patients received some rabies vac-
cine before the onset of their clinical disease (Table 1).
Diagnostic aspects

In most cases of rabies, there should be a strong clinical suspicion of the
diagnosis based on the clinical presentation, and laboratory tests are impor-
tant for diagnostic confirmation. MRI may be normal [22,23] or may show
increased signals in gray matter areas [24,25]. Increased signals have been
observed on T2-weighted images in the medulla and pons [26]. Cerebrospi-
nal fluid (CSF) analysis is often abnormal in human rabies. A CSF pleocy-
tosis was found in 59% of cases in the first week of illness and in 87% after
the first week [27]. The white cell count is usually less than 100 cells/mL, and
the leukocytes are predominantly mononuclear cells. The CSF protein con-
centration may be mildly elevated, and glucose is usually in the normal
range. The presence of neutralizing anti-rabies virus antibodies in serum is
useful in unvaccinated patients, but antibodies may not appear until after
the first week of clinical illness. Detection of rabies virus antigen, often using
the fluorescent antibody technique, is a rapid diagnostic test that can be ap-
plied to punch skin biopsies, which are usually taken from the nape of the
neck, because nerves adjacent to hair follicles may contain the viral antigen
[13]. Brain tissue also contains viral antigen, but brain biopsies are not usu-
ally performed for rabies diagnosis. A recent advance in rabies diagnosis is
detection of rabies virus RNA using reverse transcription–polymerase chain



Table 1

Cases of human rabies with recovery

Location Year

Age of

patient Transmission Immunization Outcome Reference

United States 1970 6 Bat bite Duck embryo vaccine Complete recovery Baer et al [46]

Argentina 1972 45 Dog bites Suckling mouse brain vaccine Mild sequelae Porras et al [47]

United States 1977 32 Laboratory

(vaccine strain)

Pre-exposure vaccination Sequelae Tillotson et al [48]

Mexico 1992 9 Dog bites Postexposure vaccination

(combination)

Severe sequelaea Alvarez et al [49]

India 2000 6 Dog bites Postexposure vaccination

(combination)

Severe sequelaeb Madhusudana et al [50]

United States 2004 15 Bat bite none Mild to moderate sequelae Willoughby et al [39]

a Patient died less than 4 years after developing rabies with marked neurologic sequelae (L. Alvarez, personal communication, 1997).
b Patient died about 2 years after developing rabies with marked neurologic sequelae (S. Mahusudana, personal communication, 2005).

From Jackson AC. Human disease. In: Jackson AC, Wunner WH, editors. Rabies. San Diego: Academic Press; 2007; with permission.
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reaction (RT–PCR) of saliva, tears, and skin biopsies [28–30], and this test is
less useful for evaluation of CSF [30]. RT-PCR is fairly sensitive for rabies
diagnosis; however, any diagnostic test, unless performed on multiple brain
samples, does not completely exclude a diagnosis of rabies, and repeat test-
ing may be necessary. Rabies virus variants from rabies cases can be char-
acterized with RT-PCR and sequencing, which usually helps identify the
origin of the variant (eg, rabies virus associated with silver-haired and east-
ern pipistrelle bats).
Transmission by transplantation

There have been eight well-documented cases of human rabies transmit-
ted by corneal transplantation [4]. In 2004 transplantation was associated
with the subsequent development of rabies in recipients of organs and a vas-
cular conduit in the United States (four cases) [31,32] and in recipients of
organs in Germany (three cases) [33]. The 20-year-old donor in Texas pre-
sented with fever, mental status changes, and throat pain [31,32], whereas
the 26-year-old donor in Germany had traveled in India and newspapers re-
ported that she had visited three hospitals with headache and aggressive and
bizarre behavior before a cardiac arrest [34]. Rabies virus is present within
small nerves of organs and arteries, and organ recipients are immunosup-
pressed to prevent organ rejection, compromising host defenses and creating
a favorable environment for viral replication.

Laboratory screening for rabies has been recommended to prevent fu-
ture transmissions by organ transplantation [35]; however, this premature
recommendation was made without full consideration of many complex
issues associated with organ transplantation. Clinical screening of organ
donors should include a history of animal bites, evaluation for the pres-
ence of clinical features of rabies [4], and a travel history to rabies-endemic
areas within a period of months. The physician responsible for the screen-
ing process must be knowledgeable about the diverse clinical features of
rabies [4]. Laboratory screening of the donor would ideally be performed
before organ transplantation. Rabies can only be reliably excluded on the
basis of a laboratory evaluation performed on brain tissue. In the case of
an organ donor, the best option would be to obtain the specimens imme-
diately after harvesting the organs. The brain or brain tissues would need
to be removed under the supervision of a pathologist and subsequently
transported to a location where reliable rabies diagnostic laboratory test-
ing could be performed. Experienced diagnostic laboratories probably
have false-positive results on at least 1 per 500 cases on the initial evalu-
ation, and false-positive results would be expected to be much higher for
hospital laboratories performing infrequent testing. The organs and tissues
would not be transplanted if a false-positive result is obtained. Because the
demand for organs far outweighs the supply, many potential organ
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recipients die each year while they are on a waiting list for procurement of
suitable organs from donors. Hence, false-positive results could have very
serious consequences that need to be weighed against a very low risk of
rabies virus transmission. Less hurried laboratory evaluation of the donor
after organ transplantation is another possibility, but the management op-
tions are more limited and include removal of the transplanted organ (eg,
kidney) in some cases, and initiation of postexposure rabies prophylaxis in
an immunosuppressed patient, which may be unsatisfactory. Pre-exposure
rabies immunization (with three doses of rabies vaccine) of potential organ
recipients while they are on the waiting list for transplantation is an alter-
native approach to help prevent transmission with organ transplantation.
The costs of rabies immunization are high, however, and there is uncer-
tainty about the protection provided by this approach. Hence, appropriate
clinical screening of potential organ donors is of paramount importance in
preventing reoccurrences of these tragic situations.
Prevention of rabies

Rabies is a preventable disease after a recognized rabies exposure. A de-
cision to initiate rabies postexposure prophylaxis depends on the details of
the exposure, the species and clinical status of the involved animal and
whether the animal is available for observation (in case of dog, cat, or ferret)
or laboratory testing, and the local epidemiologic situation. Wounds should
be thoroughly cleansed. Both active immunization with a modern cell
culture rabies vaccine and passive immunization with human rabies immune
globulin should be given to a previously unimmunized individual [15,36,37].
Licensed vaccines in the United States and Canada include purified chick
embryo cell vaccine and human diploid cell vaccine [36]. After a rabies ex-
posure five doses are given intramuscularly in the deltoid muscle on days
0, 3, 7, 14, and 28. On day 0, human rabies immune globulin (HRIG) should
be given at a dosage of 20 international units/kg body weight into and
around the wounds, and any remaining volume should be given intramuscu-
larly into the buttocks.
Therapy of human rabies

Unlike the situation for rabies prophylaxis, there is no known effective
therapy for rabies. In 2003, a viewpoint article was published that summa-
rized a consensus of physicians with expertise in rabies and basic scientists
knowledgeable in rabies pathogenesis [38]. It was felt that aggressive therapy
of rabies should be considered, particularly in young and healthy patients, in
patients who have early clinical disease, and in patients who have received
some rabies vaccine before the onset of the disease. Diagnostic tests may
not be positive or the results not yet available at the time of initiation of
therapy, but an improved outcome would be expected after initiation of
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an effective therapy at an earlier time in the course of the disease. Rabies
vaccine, human rabies immune globulin, ribavirin, interferon-a, and ket-
amine are all presently available therapeutic agents that could be considered
for administration. It was felt that combination therapy might be more use-
ful than a single agent, as shown for therapy of human immunodeficiency
virus infection, chronic hepatitis C virus infection, and cancer.

In 2004 a 15-year-girl in Wisconsin developed rabies after a bat bite, with
the early appearance of neutralizing anti-rabies virus antibodies [39]. This
patient was treated in a critical care unit in Milwaukee with a therapeutic
coma, intravenous ketamine, intravenous ribavirin, and amantadine by
the enteric route. Benzodiazepines and supplemental barbiturates were given
to deliberately maintain a burst-suppression pattern on her electroencepha-
logram. It is unclear whether the specific therapy she received played an im-
portant role in her survival [40,41]. The rationale for therapeutic coma is
questionable. Subsequently, at least four similar approaches to therapy
have been unsuccessful, including a detailed report of a case from Thailand
[42]. Subsequent experimental studies performed in a mouse model and in
primary neuronal cultures have cast doubt on the therapeutic efficacy of ket-
amine therapy [43], and more experimental work is needed on therapy with
this drug. The bat virus variant, which was not isolated, that caused the in-
fection of the Wisconsin girl may have been an attenuated rabies virus, and
this may have been much more important in determining the outcome than
the medical therapy she received [44]. The only previous human rabies case
with an excellent outcome was a boy from Ohio who was also infected by
a bat [45]. It is of concern that therapy used in Milwaukee, including ther-
apeutic coma and ketamine, might be repeated countless times throughout
the world, and the vast majority of this experience would go unpublished.
This therapy may actually reduce the chance of a successful outcome in ra-
bies, as well as consuming resources that could be much better used else-
where, especially in developing countries with a large burden of human
rabies [42]. For this reason, caution was recommended in using this therapy
outside the context of a clinical trial with the usual safeguards [42]. Clearly,
more basic research needs to be done to find effective therapeutic agents for
rabies, including studies in cell culture and in animal models. The Wisconsin
case establishes that survival from rabies is possible even without prior ad-
ministration of rabies vaccine. The challenge is to find effective therapeutic
agents for the management of rabies, but achieving this goal may require
a better understanding of rabies pathogenesis.
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