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1. INTRODUCTION 

Viruses play unique roles in a variety of chronic neurological 
diseases. The prototype slow infections of sheep (scrapie and visna) and 
the five established slow infections of man [kuru, Creutzfeldt-J akob 
disease, subacute sclerosing pan encephalitis (SSP E), progressive multi
focal leukoencephalopathy, and progressive rubella panencephalitis] all 
are manifest primarily as neurological diseases. In those due to the 
spongiform encephalopathy agents, scrapie, kuru, and Creutzfeldt
Jakob disease, infectivity is found in many organs, but clinical and 
pathological abnormalities are confined to the CNS. In the slow infec
tions associated with conventional viruses, infection may be generalized 
or limited to brain and spinal cord. 

The persistence of infection in the CNS may be related in part to 
the brain and spinal cord structure. The eNS represents a relatively 
sequestered site with unique vasculature, tightly packed cellular 
components, and lack of a conventional. lymphatic system. These 
structural barriers deter virus invasion of the CNS, yet, once invaded, 
the same barriers form an impediment to clearance of infection. 

In addition to causing acute and chronic inflammatory disease, 
viral infections of the CNS in man and animals have been associated 
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with malformation, degenerative disease, demyelinating disease, neo
plasms, and vascular disease. This extraordinary diversity of patho
logical reactions to viral infections can be explained by other unusual 
features of the CNS. The ontogeny of the CNS is complex, with pro
liferation, migration, and differentiation of varied cell populations at 
different times during gestation. Thus a constantly changing array of 
potential host cells evolves during embryogenesis. Conversely, the 
mature CNS represents an organ of extraordinarily high metabolic 
activity composed of a stable cell population that has only limited 
capacity to regenerate and little normal turnover of cells. Neurons, the 
major functional cell type of the brain, have no capacity for regenera
tion or mitotic division after the neonatal period. They are highly spe
cialized for the transmission and reception of specific signals. This 
requires individualized membrane differentiation and metabolic activity 
within topographically and neurophysiologically discrete organizational 
units. Consequently, subpopulations of neurons have varying suscepti
bility to different viral infections. Considering these unique aspects of 
brain structure and function, it is possible to envision how a wide range 
of chronic pathological processes can result from viral infections. 

We will first review the mechanisms by which viruses invade the 
CNS, how they can spread through a structure with a paucity of 
extracellular space, and how differences in cell susceptibility give rise to 
varied clinical and pathological syndromes. We will then discuss the 
mechanisms by which viruses are normally cleared from the CNS and 
the failures of clearance that occur either on the basis of defects in host 
response or on the basis of virus-specific mechanisms. The pathogenesis 
of virus-induced chronic neurological diseases will be addressed 
separately, since persistent infection and chronic disease often are not 
synonymous. Chronic disease can occur as a sequela of acute infection, 
and acute disease can be followed by virus persistence without the 
development of chronic disease. Since the discussions of virus invasion, 
clearance, and pathogenesis relate primarily to conventional viruses, the 
unique problem of the unconventional agents, the spongiform en
cephalopathy agents', will be summarized separately, followed by a brief 
discussion of the current status of studies of chronic human neu
rological disease of suspected viral etiology. 
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2. MECHANISMS OF VIRUS DISSEMINATION TO THE 
CNS 

2.1. Systemic Barriers 
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Initial entry of virus into the animal host is impeded by a series of 
natural anatomical barriers. The most extensive of these is the skin. 
The intact epidermis is covered by the stratum corneum, a layer of 
dead, karytonized cells which cannot support virus replication. How
ever, naked viable cells are exposed on the membranes of the respira
tory, gastrointestinal, and genitourinary tracts. In immune hosts these 
membranes may be covered by specific secretory immunoglobulins 
(lgA), which can neutralize virus preventing attachment and cell 
penetration. In addition, the respiratory tract is normally coated by a 
mucous film, and the constantly beating cilia of epithelial cells move 
the mucous outward, sweeping particulate matter including viruses 
away from the epithelial cells. Even if virions are inspired into the 
pulmonary alveoli, these cavities are lined with macrophages which 
actively phagocytize particles reaching the lung. In the gastrointestinal 
tract the low pH of gastric acid and the presence of proteolytic enzymes 
inactivate most viruses. Bile of the upper intestine will dissociate the 
lipid membranes of enveloped viruses. Therefore, virus spread by direct 
contact, respiratory droplet, or contamination of food or water requires 
that particles breach these barriers to establish initial infection. 

Viral penetration across the skin may occur with bites of arthro
pods or rabid or B-virus-infected animals. The skin is also penetrated 
by man during vaccinations, blood transfusions, or hypodermic injec
tions. Respiratory or gastrointestinal infection may be dependent on 
dose of inoculum, specific properties of the virus, mode of presentation, 
such as droplet size, and presence of viral receptors on specialized 
cellular surfaces such as cilia of respiratory mucosal cells. Some infec
tions remain confined to the surface of initial contact, such as the 
rhinoviruses which appear unable to replicate at core body tempera
tures and remain confined to the lower temperatures provided by the 
nasal and sinus mucosa. Similarly, wart virus remains confined to skin, 
and influenza virus only rarely spreads beyond the epithelial cells of the 
respiratory tract. In contrast, viruses which invade the eNS usually 
have the capacity to disseminate more widely (Johnson and Griffin, 
1978). 

Virus entry into the systemic circulation is normally followed by 
rapid removal of particles by the reticuloendothelial system (RES). As 
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with other colloidal particles the rate of virus clearance is directly 
related to particle size. Thus large viruses are cleared rapidly, while 
small viruses are cleared more slowly; yet, even the relatively small 
togaviruses show 90% clearance within 1 hr. RES clearance can be cir
cumvented when viruses circulated in blood are associated with cells. 
Many viruses can adsorb to red cells, a property utilized in the labora
tory for serological studies, but one which may represent a selective 
genetic advantage in preventing clearance. Alternatively, viruses such as 
the paramyxoviruses and herpesviruses can replicate in white blood 
cells and are thus protected not only from RES clearance but also from 
circulating nonspecific inhibitors and specific immunoglobulins. Some 
small viruses such as toga viruses and picornaviruses produce a plasma 
viremia in the face of normal RES clearance. In some cases, this is 
related to virus replication in vascular endothelial cells or lymphatics, 
where a high input of virus into the circulation can exceed the capacity 
of the RES clearance mechanisms (Mims, 1964; Johnson and Mims, 
1968). 

2.2. eNS Barriers 

The vasculature of the CNS has a unique structure correlating with 
its barrier function. The cerebral capillaries lack fenestrations seen in 
other vessels. Furthermore, adjacent endothelial cells are connected by 
tight junctions and are surrounded by a dense basement membrane 
against which are tightly apposed processes of cerebral astrocytes (Fig. 
1). Within the choroid plexus where CSF is excreted, the endothelial 
cells more closely resemble those of extraneural tissues in that they 
contain fenestrae, lack basement membranes, and are surrounded by 
loosel)' arranged stromal cells. Although the capillaries in this area are 
clearly more permeable to large plasma molecules, free access to the 
CSF is impeded by apical. tight junctions present between choroid 
plexus epithelial cells (Fig. 2). Similar tight junctions connect the pial 
cells surrounding the external surfaces of the brain (Peters et at., 1976). 
These structural barriers explain the early observations that certain 
vital dyes injected into the general circulation stain virtually all tissues 
of the body but fail to stain the CSF or brain except in a few highly cir
cumscribed regions (Katzman and Pappius, 1973). 

2.3. Documented Pathways of Virus Entry 

Viruses have been documented to enter the CNS along nerves and 
from the blood. For many years the neural route was considered the 



Viruses in Chronic Neurological Diseases 261 

Fig. I. Electron micrograph of a precapillary arteriole located in the cortex of an 
adult mouse. The vascular lumen has been cleared of blood and blood components by 
perfusion fixation. The portions of three endothelial cells are circumferentially sealed 
by tight junctions (open arrows). The nucleus of one of these endothelial cells (E) lies 
within the plane of section. Immediately adjacent to the endothelial cell is a pericyte 
(P); these cells are surrounded by a dense basement membrane (closed arrows). The 
foot processes of several astrocytes (A) form a final zone about the vascular complex 
separating it from the surrounding neuropil. These morphological structures correspond 
to the conceptual "blood-brain barrier." x 6850. 
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CSF 

Fig. 2. Electron micrograph of a portion of the choroid plexus of an immature 
hamster . Portions of several red blood cells are seen as homogeneous dense structures 
at the bottom portion of the electron micrograph within a small venule consisting of 
fenestrated (open arrows) endothelial cells. The choroid plexus epithelial cells rest on a 
basement membrane and have a microvillous surface facing the CSF. Apical tight junc
tions (closed arrows) form an anatomical barrier to free diffusion between sera and 
CSF. x 13,700. 
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primary pathway, and early experimental studies documented the 
movement of rabies, herpes simplex, and polioviruses within peripheral 
nerves. Ascending infection of supporting cells within nerves or diffu
sion of viruses within extracellular spaces of nerves have been proposed 
as mechanisms for such centripetal spread of virus along nerves. 
However, in several instances experimental evidence now indicates that 
sensory or motor terminals ofaxons contain virus receptors, and that 
virus is probably carried within the axoplasm by a rapid transport 
system to the central cell body of the neuron (Kristensson et al., 1971; 
Murphy, 1977; Johnson and Griffin, 1978). 

In the nasal mucosa a unique relationship of nerve fibers to the 
external environment exists. The apical processes of receptor cells of 
the olfactory bulb of the CNS extend beyond the free margin of the 
nasal epithelium. This represents the only site where CNS fibers are 
exposed to the ambient environment. Colloidal particles placed on the 
olfactory mucosa have been found to move into the olfactory bulb in 
less than 1 hr (DeLorenzo, 1970). Several experimental studies have 
shown that viruses can enter directly into the CNS from the olfactory 
mucosa. Nevertheless, clinical and epidemiological observation indicate 
that this route is not important in most natural infections. It is, 
however, the suspected route of eNS invasion of togaviruses and 
rabies viruses in laboratory-acquired infections and is the likely 
mechanism by which rabies virus is transmitted to the brain from 
aerosols in bat-infested caves. 

In most experimental and natural infections virus invades the CNS 
from the blood. In some togavirus infections and in murine retrovirus 
infections, viral replication in the vascular endothelial cells of brain 
precedes spread to adjacent astrocytes (Johnson and Mims, 1968; Swarz 
et al., 1978). On the other hand, a number of viruses have been shown 
to infect neural cells adjacent to small vessels without electron 
microscopic or immunological evidence of endothelial cell infection 
(Albrecht, 1968). The mechanism of transport of viruses across the 
endothelial cell and basement membrane is unknown but may be 
similar to the limited passage of electron-dense tracer molecules which 
cross prearteriolar, capillary, and venular endothelial cells in pino
cytotic vesicles with subsequent release into the intercellular space 
between adjacent astrocytes (Westergaard, 1977). The proposal that 
viruses may be carried across the endothelial cells by infected 
leukocytes at present seems unlikely in that leukocytes have not been 
shown to migrate freely into the CNS under normal circumstances. 

Other viruses enter the CNS by infection of the choroid plexus 
cells, with seeding of virus into the CSF. Studies of rat virus and 
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mumps virus infections of experimental animals have clearly shown a 
sequence of choroid plexus cell infection, followed by ependymal cell 
infection, followed by spread to parenchymal cells of the brain (Lipton 
and Johnson, 1972; Wolinsky et al., 1976). 

In summary, viruses usually invade the CNS via the blood, but the 
process requires a sequence of events involving the passage of extra
neural barriers as well as those barriers unique to the CNS (Fig. 3). 
Along this route a variety of host defense mechanisms can be 
marshalled. The alveolar, epithelial, and subcutaneous phagocytic cells 
engulf and sometimes inactivate virus particles, barriers of nonsuscepti
ble cells may be present in tissues where primary and secondary multi
plication takes place, interferon is produced by infected cells, particles 
are cleared from blood by the RES, and the anatomical structure of the 
brain itself may exclude viruses. It is probable that the combination of 
these factors explains why viral infections of the brain are relatively 
rare, even though infection with viruses which are potential causes of 
CNS disease is common. 

2.4. Spread of Viruses within the eNS 

After a virus has entered the CNS via neural or hematogenous 
routes, disease can occur only if virus spreads within the nervous system 
and reaches and attaches to the cytoplasmic membrane of susceptible 
cells. Virus entering the CSF from the choroid plexus is readily dis
persed throughout CSF pathways coming in contact with ependymal 
and meningeal cells. On the other hand, spread of virus through densely 
packed neuropil poses a theoretical problem. Ultrastructural studies of 
the CNS indicate that the extracellular gap between cells and processes 
measures only 10-15 nm, less than the diameter of any virion. These 
electron-lucent channels appear to represent a true pericellular space 
rather than hydrophobic lipid leaflets belonging to the plasma 
membranes of adjacent cells (Peters et al., 1976). Viruses have been 
observed within these intracellular gaps in the neuropil, suggesting that 
these spaces may be more pliable in the vital state than when observed 
following perfusion-fixation for electron microscopy (Blinzinger and 
Muller, 1971). Nevertheless, unrestricted passage of viruses within the 
extracellular spaces of brain seems unlikely (Fig. 4). 

In some infections sequential studies have indicated that virus 
appears to spread in contiguous fashion. For example, following the 
initial infection of the meningeal or ependymal surfaces there may be 
an apparent cell-to-cell spread causing focal or multifocal areas of 
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Fig. 3. Schematic illustration of the steps in the hematogenous spread of virus to the 
CNS. From Johnson (1974). 
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Fig. 4. A single mumps virus virion (closed arrow) is seen within the interstitial space 
between portions of three neurons of the hippocam pal cortex of a newborn hamster. 
The interstitial space (open arrows) forms a small continuous network that extends 
between all cellular components of the eNS and freely communicates with the ven
tricular system. x47,300. 
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infection. However, this is not true of viruses which infect only specific 
cell populations. The spread of viruses via the long dendritic and axonal 
cytoplasmic ramifications of neurons has long been suspected for rabies 
and polioviruses. Rabies virus appears to spread across the synaptic 
junction between neurons, suggesting that the virus may be transmitted 
along the long axonal ramifications of neurons to other susceptible 
neuron populations via axonal transport within the CNS (Murphy, 
1977). Similarly, studies of poliovirus have suggested axonal transport 
of virus. Sequential histological studies showed both a restriction of 
virus within spinal cord following cordectomy and a correlation of 
speed of viral movement with age-related maturation of the fast 
transport system of axoplasm (Jubelt et al., 1980). Spread of virus 
within axon transport systems would provide a mechanism for rapid 
movement of virus between widely separated but neurophysiologically 
coupled susceptible neurons. 

2.5. Differential Susceptibility within the eNS 

The diverse cell populations of the CNS show variable suscepti
bility to infection with viruses. Thus, although some viruses such as 
herpes simplex virus are capable of infecting a full range of CNS cell 
types, other viruses replicate only in ependymal or meningeal cells, only 
in glial cells, or only in neurons. Furthermore, susceptibility may be 
limited to very precise neuronal cell populations. For example, 
poliovirus infections appear to involve only motor neurons, and initial 
infection with rabies virus occurs within neurons localized in the limbic 
system, with relative sparing of neocortex. This selective vulnerability 
can explain the differences in the clinical features of encephalitis, which 
presents with somnolence and seizures, poliovirus infections, which 
cause flaccid paralysis without sensory abnormalities, and rabies infec
tions, which cause the animal to be alert, with loss of normal timidity 
and aberrant behavior. The last appears to represent a diabolical selec
tive adaptation of virus in which infection of specific neuronal cell 
populations modifies behavior, driving the host to bite and transmit 
virus to other animals. 

In addition, the effect of a virus on different cells may vary. Cells 
may be lysed, transformed, or moderately infected, leading to slowly 
evolving disease or inhibition of specific cellular functions (Tamm, 
1975; Robb, 1977). The same virus may even have different effects on 
different cell populations at the same time. This is best exemplified in 
progressive multifocal leUkoencephalopathy in which each of the three 
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major cell populations in the CNS appears to be affected differently. 
Neurons appear to escape infection. Oligodendrocytes, however, are 
lytically infected, resulting in demyelination, since their modified cyto
plasmic membranes which form the myelin sheaths surrounding axons 
can no longer be maintained. The third major cell population, the 
astrocytes, appears to be relatively nonpermissively infected. These cells 
proliferate and develop bizzare forms, mitotic figures, and multiple 
nuclei, suggesting that they have undergone transformation (J ohnson et 
ai., 1974; Padgett and Walker, 1976). 

Cellular susceptibility to virus infection may also change with 
maturation of the CNS. This appears to explain many of the malforma
tions which have been produced by viruses. For example, after late fetal 
or neonatal infection with parvoviruses, a specific loss of granular 
neurons of the cerebellum is found. Sequential histological studies have 
shown selective viral destruction of the external germinal cells of the 
cerebellum prior to their postnatal migration to form the granular cell 
layer. This abnormality has been related to rat virus infections in 
hamsters, minute virus in mice, and feline panleukopenia virus in cats 
or ferrets (Kilham and Margolis, 1975; Margolis and Kilham, 1975). 
Since these parvoviruses appear incapable of replication except in host 
cells actively engaged in DNA synthesis, involvement is limited to those 
cell populations actively dividing at the time of infection. Therefore, in 
the adult cat infected with feline panleukopenia virus, infection is 
manifest by leukopenia and diarrhea because the bone marrow and gas
trointestinal tract provide the susceptible cell pool. In the fetal cat the 
germinal cells of the cerebellum, a cell population that cannot be 
replenished, are also selectively destroyed (Kilham and Margolis, 1966). 

Very different cerebral anomalies are produced by the vaccine 
strain of bluetongue virus inoculated into fetal lambs. This virus selec
tively infects the subventricular cells of the forebrain during their dif
ferentiation and migration. Once these precursor cells assume their 
mature position as neurons and glia of brain, they appear to be insus
ceptible to infection. Thus infection of the ovine fetus during the first 
trimester causes major destruction of the forebrain, an anomaly known 
as hydranencephaly. Infection at midgestation leads to multiple focal 
lesions within the brain substance, an anomaly known as porencephaly. 
Infection at the end of the second trimester produces no gross mal
formation of the brain, since at that time a majority of cells have 
already matured and differentiated. The type of malformation is age 
dependent, related to the availability of vulnerable, immature cells 
(Osburn et ai., 1971a,b). Therefore, not only is there selective vul-
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nerability of specific cells to specific viruses, but also vulnerability may 
change with time during ontogeny. 

3. MECHANISMS OF VIRAL CLEARANCE FROM THE 
CNS 

3.1. Immune Responses in the CNS 

Many factors which normally serve to limit viral replication and 
spread elsewhere in the body are not readily active within the CNS. 
Under normal conditions the CNS is believed to be devoid of lym
phatics or immunocompetent cells. However, recent evidence suggests 
that lymphatic-like structures may be present and expand under the 
stimuli of some pathological conditions. Such development of lym
phatic-like structures has been described anatomically in the region of 
multiple sclerosis plaques and would appear to provide a potential site 
for the local processing of viral antigens by macrophages (Prineas, 
1979). However, the general applicability of such a system is unclear 
and such a system has not been directly documented in known viral 
infections. 

Evidence for a locally active immune response in the CNS derives 
from clinicopathological observation of certain infections of man and 
animals. In some infections plasma cells can be demonstrated within 
Virchow-Robbin spaces surrounding blood vessel walls, and antibody of 
restricted electrophoretic migration presumably secreted from a limited 
number of plasma cell clones appears within CSF. Both features are 
well described in SSPE and progressive rubella panencephalitis, and the 
oligoclonal antibody response has also been found following mumps 
meningitis and other acute viral illnesses with CNS involvement 
(Vandvik et al., 1978a,b; Vandvik and Norrby, 1973). A remarkable 
example of this apparent expansion of immunocompetent cells in brain 
is seen in sheep chronically infected with visna virus; the intense inflam
matory response has been found to organize into germinal centers, and 
levels of anti-visna antibody in CSF may exceed levels in serum (Griffin 
et al., 1978). A reversed brain or CSF: sera antibody ratio is also found 
in mice infected with Theiler's virus, and oligoclonal aotibody patterns 
are seen in monkeys experimentally infected with measles virus (Lipton 
and Gonzalez-Scarano, 1978; Yamanouchi et al., 1979). Restricted B
cell responses have also been demonstrated by extracting cells from the 
brains of mice infected with parainfluenza virus and demonstrating 
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Fig. 5. An inflammatory infiltrate is seen in the subarachnoid space of an adult mouse 
infected with parainfluenza-l virus. A portion of the lumen of a meningeal blood vessel 
is seep at the upper right of the electron micrograph and is lined by endothelial cells 
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their ability to produce monoclonal antiviral antibody in vitro (Gerhard 
and Koprowski, 1977; Gerhard et ai., 1978). 

Phagocytic cells also are not considered to be normally resident 
within the CNS. However, recently cells have been described in the 
Tegu lizard which lie scattered over the ependymal surface and are 
proposed to have a phagocytic function (Bleier et ai., 1975). Mor
phologically similar cells in the same topographic location have been 
shown to ingest viral particles which appear to be degraded within 
secondary phagolysosomes during experimental mumps meningoen
cephalitis in the hamster (Wolinsky et ai., 1974). With these exceptions, 
however, the evidence is compelling that most if not all mononuclear 
cells involved in inflammatory reactions of brain derive from blood 
(Fujita and Kitamura, 1976). 

Therefore, under normal conditions the brain is relatively devoid of 
immunocompetent or phagocytic cells, leaving it initially rather vul
nerable to viral infection. After infection is established, mononuclear 
cells appear to enter the CNS by transendothelial passage to form the 
inflammatory reaction (Fig. 5). Lymphocytes are probably the initial 
cells to respond, being attracted to brain by as yet unknown substances 
produced during the early phases of CNS infection. Studies of acute 
Sindbis virus encephalitis in mice have shown that the initial recruit
ment of mononuclear cells is immunologically specific (McFarland et 
ai., 1972). Once attracted to brain, such sensitized lymphocytes pre
sumably serve to signal the recruitment of other cells by the secretion of 
lymphokines such as lymphocyte and macrophage migration inhibition 
factors. Continued antigenic stimulation by prolonged persistence of 
viral antigen in brain may result in local plasma cell differentiation and 
clonal expansion, giving rise to local antibody production as noted 
above. 

The systemic humoral immune response is also rather ill suited for 
initial containment of virus replicating within the CNS. Large
molecular-weight constituents of blood such as antibody and comple
ment are relatively excluded from the CNS compartment by the 
blood-brain barrier. Normally, these substances are present in the CSF 
at concentrations several hundredfold lower than that found in the 

(E). Several lymphocytes (L) and a plasma cell (P) can be seen within the subarachnoid 
space. Arachnoid cells (A), normally found in this region, make up the fine network of 
tissue that characterizes the meninges. The clear spaces would normally be filled with 
CSF. A small portion of brain parenchyma is seen at the lower portion of the 
micrograph separated from the CSF by the glia limitans (G) composed of pial cells. 
x 6850. 
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systemic circulation (Fossan, 1977; Norrby, 1978). Further, while CSF 
circulates freely within the interstitial spaces of brain parenchyma, 
these pathways are sufficiently narrow even to impede the diffusion of 
large molecules. As tissue destruction and inflammatory reactions 
proceed, these barriers to the diffusion of large molecules into and 
within brain become less substantial. At such time, direct neutralization 
of virus by antibody or antibody and complement, as well as comple
ment and antibody-dependent cell-mediated cytotoxicity, may effect of 
viral clearance from the CNS. 

The role of complement in clearance of virus from CNS is unde
fined. Complement in the presence of antibody has been shown in vitro 
to induce membrane damage to some viral particles that results in their 
inactivation (Cooper et ai., 1976; Haukenes, 1977). In vivo the role of 
complement is ambiguous; Sindbis-virus-infected mice depleted of C3 
complement by injections of cobra venom show substantially higher 
titers of virus in brain, possibly due to the prolongation of viremia. 
However, despite higher content of virus the complement-depleted ani
mals survive longer (Hirsch et ai., 1978). 

Interferon has been shown to develop in brain during infections. 
However, its role in clearance is also uncertain, since levels of 
interferon have been correlated with amount of virus replication but not 
with recovery from viral meningoencephalitis (Vilcek, 1964). Postex
posure treatment of rabies-virus-infected cynomolgus monkeys with 
interferon confers some protection but only for animals that never evi
dence symptoms of CNS infection (Weinmann et ai., 1979). Stimula
tion of adequate interferon levels would be expected to protect 
uninfected but otherwise susceptible cells adjacent to viral foci in brain, 
but this has not been shown for any CNS infection. Furthermore, 
clinical efficacy of interferon administration has been demonstrated in 
man only for non-CNS infections such as cutaneous herpes zoster and 
hepatitis B virus infections. Some viruses causing persistent infections 
fail to induce significant levels of interferon. This is characteristic of 
not only congenital rubella virus infections but also acquired rubella 
(Rawls, 1974). Recently, a circulating serum factor has been shown in 
sera of patients with progressive rubella panencephalitis which prevents 
normal donor leukocytes from secreting interferon in response to 
rubella viral antigens in vitro (Wolinsky et ai., 1979). 

Other lymphokines may also be important in clearance of CNS 
infections. Macrophage chemotactic factor released by lymphocytes 
may serve to localize macrophages to a site of viral replication and 
might be expected to playa prominent role in attracting cells to brain. 
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Lymphocyte migration inhibition factor could be expected to play a 
similar role. Recent studies demonstrate an in vitro defect in gradient
purified blood mononuclear cells from patients with progressive multi
focal leukoencephalopathy to generate lymphocyte migration inhibition 
factor on stimulation with JC virus antigen (Willoughby et aJ., 1979). 
Such a defect might explain the lack of an inflammatory response 
usually seen in this infection. 

3.2. Failure of Virus Clearance in Immunodeficient Hosts 

Naturally occurring immune deficiencies in man and drug-induced 
immunosuppression of man and animals give insights into the role of 
humoral or cell-mediated immune responses in clearance of virus from 
the CNS. In general, patients with agammaglobulinemia are not predis
posed to persistent viral infections, with the exception of enterovirus 
infections. Patients with agammaglobulinemia but intact cell-mediated 
immunity often fail to clear polioviruses or echoviruses. With CNS 
infection they can develop protracted clinical disease with virus 
recoverable from CSF and brain tissue for prolonged intervals (Davis et 
aJ., 1977; Webster et al., 1978; Wilfert et al., 1977). Intense inflamma
tory responses accompany these chronic infections, but they are devoid 
of plasma cells. These observations suggest that either direct neutraliza
tion of virus by antibody or antibody-dependent cell-mediated cyto
toxic reactions are of critical importance in effecting clearance of 
enteroviruses. 

Defects in cell-mediated immunity have been associated with 
chronic CNS infections with a variety of viruses. Patients with 
lymphoproliferative diseases or receiving immunosuppressive therapy 
occasionally have opportunistic CNS infections with polyoma viruses, 
causing progressive multifocal leukoencephalopathy (see Chapter 4). 
Atypical CNS infections with varicella zoster (McCormick et al., 
1969), cytomegalovirus (Dorfman, 1973), adenovirus (Chou et al., 
1973), and measles have also complicated diseases or therapies sup
pressing cell-mediated immune responses. 

Acute measles virus infections provide an interesting example of 
the problem of viral clearance. The acute systemic illness is normally 
associated with a transient impairment of cell-mediated immunity as 
measured by inhibition of delayed hypersensitivity reactions in vivo and 
depressed blastogenic responses to a variety of mitogens in vitro. 
However, humoral responses, antibody-dependent cell-mediated cyto-
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toxicity responses, and recently haplotype specific T-Iymphocyte killing 
responses have been shown to develop over a normal time course (Kreth 
et al., 1979). In a large proportion of children with acute primary 
measles, virus may well disseminate to brain as reflected by CSF 
pleocytosis and EEG changes (Johnson et al., 1978). However, these 
abnormalities are transient except in children with significant defects in 
cell-mediated immunity. These children may develop a subacute fatal 
CNS infection (Aicardi et al., 1977; Wolinsky et al., 1977). This pattern 
appears to have a reasonable counterpart in experimental animals. 
Mature hamsters can clear measles virus from brain without showing 
signs of CNS infection. However, if thymectomized at birth and then 
challenged with the same virus as adults, they develop fatal encephalitis 
without evidence of the expected inflammatory response in brain or 
development of antibody, presumably because of the accompanying 
defect of T -helper-cell function necessary to process antigen for 
recognition by B cells (Johnson et al., 1975). 

3.3. Viral Persistence in Immunologically Intact Hosts 

Viruses can persist and cause chronic disease in the face of normal 
immune responses if latency is established, if replication is restricted 
with a reduced rate of spread, or if the agent is not antigenic and fails 
to excite host responses. Examples of each of these strategies have been 
implicated in chronic neurological diseases. 

Several of the herpes viruses (varicella zoster, herpes simplex 
viruses 1 and 2) appear to establish latency when virus reaches the 
sensory ganglia (Stevens, 1978). The viral genome is apparently 
sequestered in the nonreplicating neurons by unknown mechanisms. 
Latently infected cells do not express viral antigens and therefore are 
seen as normal uninfected cells by the host. These cells can serve as a 
potential reservoir for recurrent, albeit restricted, and usually acute 
disease when the viral genome is reactivated. 

Visna virus of sheep provides an example of latency in which 
chronic disease does evolve. The DNA provirus of visna virus, a 
retrovirus, has been detected by in situ hybridization in neural cells 
(Haase, 1975). The immune response does not appear to induce restric
tion since no exponential growth of virus and little free infectious virus 
were observed in CNS of sheep after thymectomy and antilymphocyte 
treatment (Narayan et al., 1977). The pathogenesis of the chronic neu
rological disease is discussed in the next section. 
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Viruses other than DNA viruses or retroviruses do appear capable 
of persistence by mechanisms as yet undefined. One example is in 
SSPE, an uncommon complication of measles virus infection (see 
Chapter 5). In this condition as initial acute infection occurs in a 
normal although young host. Virus appears to be adequately cleared, 
but persistence of the genome must occur at some site since the late 
disease does not appear to result from reinfection. The late disease 
occurs in a reasonably intact host without consistent defects in cellular 
immune function and with a well-developed humoral immune response 
both in sera and within the CNS (Agnarsd6ttir, 1977). While viral 
antigens are easily shown in brain tissue, it is possible that antigens at 
the surface of infected cells are only intermittently expressed, resulting 
in the slowly evolving syndrome. There is also supportive data to sug
gest that viral antigens critical for maturation of complete virus are 
altered in a way that enables virus persistence (Wechsler and Fields, 
1978; Hall et al., 1978). 

Defective particles that interfere with the replication of the parent 
virus or temperature-sensitive mutants of parental virus would provide 
an additional viral "strategy" for contained infections. While animal 
models for CNS disease with prolonged courses compared to those seen 
with parental virus have been described using defective interfering parti
cles (Doyle and Holland, 1973) and atypical neural disease patterns 
have been shown for certain temperature-sensitive mutants (Rabinowitz 
et al., 1976; Haspel and Rapp, 1975), no clear role of these agents has 
yet been shown for either human or naturally occurring animal 
diseases. Indeed, in progressive multifocal leukoencephalopathy, the 
one human slow infection in which large numbers of virions are seen 
and in which defective interfering particles might be suspected, virions 
extracted directly from brain do not show a population of less dense 
defective particles as is routinely found when polyomaviruses are grown 
in vitro (Dorries et al., 1979). 

Finally, the virus may not provoke an immune response. Some 
viruses such as corona viruses and retroviruses do not incite vigorous 
immune responses, possibly because of the preponderance of host lipids 
in the virus envelope. However, there is no evidence for antigenicity of 
the spongiform encephalopathy agents in either natural or experi
mentally infected hosts. Thus far, the only suggestion that the host 
recognizes these agents is by inference from the finding of amyloid
containing plaques in brains of selected mice infected with scrapie 
(Wisniewski et al., 1975). These mayor may not represent deposits of 
immunoglobulins. 
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4. MECHANISMS OF CHRONIC DISEASE INDUCTION 

Chronic virus-induced neurological diseases need not be associated 
with chronic or persistent infection, nor does persistent infection always 
result in chronic disease. Chronic diseases have been associated with 
acute, chronic, or latent infections, and the pathological changes may 
be dependent on immune-mediated cell destruction, may evolve only in 
immunodeficient hosts, or the immune response may appear irrelevant 
in the evolution of the disease. The various relations of types of infec
tion to disease are shown schematically in Fig. 6. 

4.1. Chronic Neurological Diseases as Sequelae of Acute Infections 

Acute infections are usually associated with acute disease resolved 
by either recovery or death of the host. However, many severe acute 
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Fig. 6. Schematic representation of patterns of infection (shaded areas) and disease 
(solid lines) characteristic of acute, persistent, and latent infections . From Johnson et al. 
(1978). 
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infections of the CNS leave permanent disabling sequelae, e.g., the 
static residual flaccid paralysis following acute spinal motor neuron 
destruction by polioviruses or the spastic paralysis and mental deficits 
following destruction of cortical motor cells by arthropod-borne en
cephalitis viruses. Subsequent to fetal or neonatal infection of the CNS, 
such static sequelae may give the clinical appearance of progressive 
disease. For example, parvovirus infections of the CNS of late fetal or 
neonatal animals cause selective destruction of the granule cells of the 
cerebellum (see Section 2.5). Immediately following the acute infection, 
infant animals appear normal, even though they lack the sole excitatory 
cell population of the cerebellum. However, they are subsequently inca
pable of developing the normal synaptic connections required for 
development of coordinated motor activity. Therefore, as they mature 
they fail to acquire coordination, giving the clinical appearance of suf
fering a progressive degenerative process. Similar situations occur in 
human infections, e.g., some patients appear to have progressive neu
rological dysfunction following Western equine encephalitis virus infec
tions (Finley et al., 1967). However, studies of these children indicate 
that acute destruction of neural cells in infancy simply leaves the child 
unable to achieve subsequent developmental milestones. Although neu
rological deficits appear to intensify over time, this does not necessarily 
represent a loss of further neural cells or persistence of virus. 

On the other hand, progressive pathological changes can actually 
evolve following acute viral infection. This is exemplified in the 
progressive obstructive hydrocephalus which has been found to follow a 
variety of viral infections which are limited to ependymal cells lining 
the ventricles of the brain (Johnson, 1975a). This was first dem
onstrated with experimental mumps virus infections in neonatal 
hamsters. Young animals show no clinical signs of disease during the 
acute infection. Ependymal cells are destroyed, virus is cleared, the 
inflammatory response resolves, and immunity develops. However, over 
subsequent weeks the aqueduct of Sylvius, an ependymal-cell-lined 
channel connecting the third and fourth ventricles of the brain, becomes 
reduced in size, eventually becoming markedly stenotic or totally 
occluded. This leads to the obstruction of CSF flow, with enlargement 
of the ventricles, compression of the cerebral cortex, distortion of the 
skull, and paralysis. The progressive hydrocephalus usually causes 
death within 3 months after the initial infection. However, at the time 
of clinical disease there is no detectable free virus, viral antigen, or 
inflammation. Subsequent to the description of this phenomenon in 
experimental animals, a number of children have been described who 
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developed hydrocephalus several months following mumps virus menin
gitis or encephalitis. 

A different mechanism oflate progressive disease following remote 
antecedent acute infection may occur following paralytic poliomyelitis 
in man. After poliomyelitis during childhood or early adult life most 
patients live with a static deficit for many years, but some develop 
progressive weakness and paralysis in late middle age (Mulder et al., 
1972). After loss of motor neurons in the spinal cord, distal axons of 
remaining motor neurons probably sprout and increase their peripheral 
field of innervation. This compensation may be lost over time, either 
because overloading of residual neurons causes their premature 
degeneration and death, or because motor neurons normally start 
undergoing natural attrition at approximately age 50 (Tomlinson and 
Irving, 1977). This natural loss may cause no disease in the normal 
individual, but may jeopardize the strength and motor control of the 
patient who has less reserve. Again, the chronic progressive disease 
need not depend on the persistence of poliovirus but can be explained 
by the effects of an anatomical residua of a remote acute infection. 

4.2. Chronic Disease and Persistent Infection 

Persistent infections can cause acute monophasic diseases followed 
by a chronic asymptomatic carrier state as recognized with adeno
viruses and hepatitis viruses. Alternatively, a chronic carrier state can 
lead to chronic, progressive disease. This is probably best exemplified 
by the remarkable diseases which have been observed in man following 
fetal infection with rubella virus. The severity and frequency of con
genital disease are related to the time of gestational infection. 
Thus maternal infection early during pregnancy causes more severe and 
more frequent disease in the fetus than infection late in pregnancy. The 
pathogenesis of the abnormalities produced by rubella appears to 
involve two different mechanisms. Infection of some cells leads to cell 
destruction, but possibly of greater importance is the noncytopathic 
infection with inhibition of mitosis. Children born with rubella syn
drome are small for gestational age and have an actual decrease in cell 
numbers (Naeye and Blanc, 1975). Cells grown from children with con
genital rubella show a decrease in mitotic activity. Furthermore, this 
noncytopathic infection may be focal or multifocal. Focal infections 
have been suggested by immunofluorescent staining of tissue from a 
child dying with rubella syndrome demonstrating focal collections of 
histologically normal cells containing viral antigen (Woods et al., 1966). 
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Cloning cells from similar infants shows a comparatively small number 
of infected cells but when explanted in vitro the infected cell clones have 
retarded growth rates (Rawls and Melnick, 1966). Rawls's theory of 
clonal noncytopathic infection with mitotic inhibition can account for 
the majority of phenomena observed in the congenital rubella syndrome 
such as the asymmetrical and noninflammatory lesions of different 
organs, persistence of infection despite the presence of transplacental 
IgG and the fetal production of IgM, and the ultimate apparent 
clearance of virus from most children (Rawls, 1968, 1974). After the 
initial transplacental infection of embryonic cells, maternal antibody 
presumably prevents cell-to-cell spread of the infection. However, since 
virus fails to lyse cells, cell division would be slowed but each daughter 
cell would be infected. This mechanism of clonal infection could 
account for hypoplasia of one eye, arising from an infected cell clone 
despite a normal eye on the other side arising from an uninfected clone. 
Cells with a lower doubling time would eventually disappear in most 
organs, which would explain why children congenitally infected with 
rubella eventually clear the virus, and why virus might persist longer in 
nonreplicating corneal or neural cells. 

Recently, a late complication of this congenital infection has been 
noted in a number of adolescents who had variable stigmata of con
genital rubella infection. After clinical stability of 11-12 years, they be
gan to have intellectual deterioration with the development of seizures, 
abnormal movements, and signs of progressive eNS disease (Wolinsky, 
1978). CSF from these patients has an increased amount of 'Y-globulin 
which is directed against rubella virus. Rubella virus antibody in serum 
is also elevated. Autopsy has shown pathological changes only within 
the CNS, with inflammatory changes, microglial nodules, mineraliza
tion around vessels, and destruction of myelin. Rubella virus has been 
recovered from the brain biopsy of one of these patients. Therefore, it 
would appear that rubella virus has the capacity to persist in the eNS 
for greater than 12 years after fetal infection. Why this infection is 
rekindled with the development of progressive disease during adoles
cence is unknown. 

Progressive rubella panencephalitis shares some common features 
clinically and pathologically with SSPE due to measles virus. However, 
in SSPE (see Chapter 5) there appears to be a mutation in the virus so 
that fully enveloped virions are not produced. This defect in assembly 
may lead to slow cell-to-cell spread of virus, and to a lack of clear
ance of virus despite the markedly accentuated immune response. 
Conversely, in progressive multifocalleukoencephalopathy (see Chapter 
4) fully infectious virus is produced. Failure of clearance is apparently 
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explained by the immune deficits in patients with the disease, but the 
chronic nature of the infection is not readily explained. It is difficult to 
envision a "slow" replication of papovaviruses in CNS cells. Possibly 
the slowness of disease results from delayed release of virions from the 
infected oligodendrocytes. If depression of cellular DNA and protein 
synthesis are the major factors leading to cell destruction by 
papovaviruses, this depression might have less impact on oligo
dendrocytes. These are nondividing cells with a slow turnover rate of 
highly specialized, stable membrane. Thus a long period of virus
induced depressed metabolic activity may be tolerated by this cell popu
lation before physical disruption of cell membranes releases virus to 
infect neighboring oligodendrocytes. 

Subtle effects of virus on CNS host cells is dramatically seen in 
lymphocytic choriomeningitis virus infections (see Chapter 7.). Con
genitally infected carrier mice appear to tolerate widespread infection, 
including infection of the CNS, for almost a normal life expectancy. 
Behavioral studies of these mice, however, have shown some limitation 
of CNS function. Infections of lines of mouse neuroblastomas have 
shown preservation of vital cell functions such as growth rates and pro
tein synthesis. However, the synthesis of acetylcholine, choline acetyl 
transferase, and acetycholine esterase were reduced (Oldstone et al., 
1977). Although Oldstone termed these "luxury functions," suppression 
of these products in vivo might have marked functional effects, causing 
chronic disease even without discernible pathological changes. 

4.3. Chronic Disease as a Manifestation of Latent or Recurrent 
Infections 

Latent infections, where virus is harbored without continuous 
production of infectious virus, are expected to produce disease only 
with reactivation of the latent genomes. Recent studies of visna, one of 
the classic slow infections of sheep, have suggested novel mechanisms 
relating viral latency to chronic disease. Visna is a persistent infection 
of sheep characterized clinically by slowly evolving paralysis and his
tologically by multiple foci of inflammation and demyelination. The 
disease occurred naturally in Icelandic sheep and has been experi
mentally induced in other breeds. The incubation period may extend for 
several years, and disease may progress chronically over many months. 
After experimental infection of sheep, exponential replication of the 
agent has not been demonstrated. However, by in situ hybridization, 
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sequestration of proviral DNA can be found in cells of the CNS (Haase 
et aI., 1977). Sufficient viral proteins are apparently produced to evoke 
an immune response. Early inflammatory lesions are found in the 
clinically asymptomatic sheep in the first few months after infection. By 
the time animals develop clinical disease, there are multiple lesions 
within the CNS. Histologically, these appear to be of different ages 
(Petursson et al., 1976). The sequestering of virus as provirus may 
explain the persistence, but it would appear that the ultimate develop
ment of disease may be explained by exacerbations of virus replication. 

The demonstration of antigenic mutation of visna virus in per
sistently infected sheep may provide a mechanism for the chronic 
disease (Narayan et al., 1977). The mutants which have been found in 
chronically infected sheep are fully virulent when inoculated into other 
sheep (Narayan et aI., 1978). Furthermore, studies in cell culture sug
gest that mutant selection is enhanced by the presence of antibody in cul
tures. Thus the sequential evolution of virulent mutants within the same 
individual might result in exacerbations of acute disease but appear 
clinically as progressive disease as lesions accumulate. If this proves to 
be the mechanism, both competence of the immune response and 
presence of virulent nondefective viruses may be prerequisites to 
production of chronic disease. The virus would escape immune sur
veillance both by its ability to persist as provirus and by the formation 
of nonneutralizable mutant viruses which the immune response has 
selected or even helped to induce but which the immune responses can
not clear. 

5. SUBACUTE SPONGIFORM ENCEPHALOPATHIES 

The subacute spongiform encephalopathies are naturally occurring 
noninflammatory degenerative diseases of the eNS of man and ani
mals. They appear closely related, with common clinical and his
topathological features, a unique pathogenesis independent of any 
apparent host immune response, and similar physical and chemical 
properties of their causative agents. These diseases include kuru and 
Creutzfeldt-l akob disease in man (Gibbs and Gajdusek, 1978), scrapie 
in sheep and goats, and transmissible mink encephalopathy. Under 
experimental conditions these diseases can be shown to cross wide 
species barriers; for example, Creutzfeldt-lakob disease has been 
transmitted to mice and transmissible mink encephalopathy has been 
transmitted to subhuman primates (Table 1). 
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TABLE 1 

Subactue Spongiform Encephalopathies-Known Host Rangesa 
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Scrapie has been recognized as a clinical entity for over a century. 
Affected sheep are identified by the appearance of progressive ataxia, 
tremor, and hyperexcitability or lethargy; excessive thirst, weakness, 
and wasting are also seen. The course is progressive to death within 2-6 
months. Successful transmission of the disease by inoculation of brain 
and spinal cord tissue from affected animals into healthy sheep was 
accomplished more than 40 years ago. Passage of the disease into small 
laboratory animals, especially mice and hamsters, has enabled extensive 
although tedious pathogenesis studies in experimental animals. 

Transmissible mink encephalopathy was first observed in 1947, but 
the nature of the illness was not well appreciated until it was success
fully transmitted experimentally. The clinical and pathological abnor
malities are very similar to those of scrapie, and evidence suggests that 
the disease originated in mink being fed on scrapie-infected sheep 
carcasses. Consistent with the suspected sheep origin of the agent is that 
transmissible mink encephalopathy has been successfully transmitted 
back to sheep and goats. 

Kuru was first described in 1957 as an epidemic disease of the Fore 
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natives of the Eastern New Guinea Highlands. The disorder was most 
common in adult women and children of both sexes. The clinical 
disorder is initially characterized by a mild tremor which presages a 
severe symmetrical gait ataxia and proceeds to eventual immobiliza
tion. Death from inanition occurs within 3-6 months. Similarities of the 
clinical disease and pathology to scrapie led to the successful attempts 
to transmit the disease to subhuman primates. These transmissions 
demonstrated incubation periods up to 8 years. Subsequent epidemio
logical observations focused attention on ritualistic cannibalism prac
ticed by the Fore as a probable mechanism of disease transmission 
within the tribe. Kuru has shown progressive disappearance with the 
discontinuation of this rite (Gajdusek, 1977). 

Creutzfeldt-lakob disease is an uncommon sporadic "degenera
tive" CNS disease of man. It is worldwide in distribution with a proba
ble incidence between one and two cases per million population 
(Masters et al., 1978). It is clinically characterized by a rapidly 
progressive dementia with myoclonus and variable presence of other 
neurological signs (Roos et al., 1973). The disease was first described in 
1920, but demonstration of its transmissible nature awaited the unravel
ing of the nature of kuru. Although clinically and epidemiologically 
very distinct from kuru, similar spongiform pathological changes in the 
CNS gray matter sparked successful attempts to transmit Creutzfeldt
lakob disease to subhuman primates. Recent transmission to small 
laboratory animals should facilitate the study of the agent (Brownell et 
al., 1975; Manuelidis, 1975). As the result of several unfortunate acci
dental transmissions of this disease from man to man, Koch's postu
lates now appear fulfilled for Creutzfeldt-lakob disease (Duffy et al., 
1974; Bernoulli et al., 1977). 

In each of these diseases transmission has been possible with extra
neural tissues, but clinical and pathological changes are confined to the 
CNS. Pathological studies show widespread neuronal loss and status 
spongiosis. The latter change, which typifies the spongiform enceph
alopathies as a group, is the result of membrane-bound vacuoles which 
develop in dendrites and axons of the neuropil and may appear in 
neuronal cell bodies. The vacuoles are variably filled with complex 
curled membranous debris or amorphous osmiophilic material, or they 
may appear empty (Lampert et aI., 1972). In scrapie and kuru this 
change is especially prominent in the cerebellum. There is usually an 
attendant striking astrogliosis but no inflammatory response. Focal 
deposits of amyloid referred to as kuru plaques are also found in kuru, 
some strains of scrapie, and some cases of Creutzfeldt-lakob disease. 
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5.2. Pathogenesis of Spongiform Encepbalopathies 

A composite picture of the pathogenesis of these diseases can be 
proposed based largely on extensive studies of scrapie in mice. 
However, even scrapie in mice has shown marked variation in incuba
tion period, topography of pathological changes, and infectivity titers 
dependent on strain variations of both the agent and host (Dickinson 
and Fraser, 1977). The spongiform encephalopathies can occur spo
radically in nature or as endemic foci. Such foci may have varied expla
nations such as ritualistic cannibalism for kuru, food sources for trans
missible mink encephalopathy, or increased genetic susceptibility for 
familial Creutzfeldt-lakob disease or scrapie. The mode of sporadic 
transmission of these diseases in nature is unknown. However, normal 
skin and mucosal barriers may need to be breached, since experimental 
disease cannot be transmitted by simple aerosols or nasogastric feed
ings of infected material. The earliest replication after inoculation 
appears to be in spleen and other lymphoreticular organs (Ecklund et 
ai., 1967). However, initial replication of the agent in spleen is not man
datory since disease is only delayed and not prevented after infection of 
splenectomized or genetically asplenic mice with scrapie agent. The 
agent appears neither to induce interferon nor to be sensitive to its 
action (Katz and Koprowski, 1968). Further, disease proceeds in an 
unaltered fashion in both immunosuppressed and nude mice (McFarlin 
et ai., 1971). While replication in systemic organs can readily be 
demonstrated, pathological changes are not seen outside of the CNS. 

Recovery of the agent from brain is not possible until months after 
experimental infection. With the development of demonstrable virus in 
brain, early neuronal vacuolization may be seen and electrophysio
logical evidence of neural dysfunction becomes apparent even though 
clinical behavior appears unaltered. As brain titers slowly increase, 
vacuolization proceeds, neuronal loss increases, and astrogliosis may 
become marked. With the progression of neuronal loss, shrinkage or 
atrophy of the brain occurs. Inflammatory changes are not observed at 
any time during the disease process. The pathological hallmarks of 
disease are usually well developed by the time clinical illness appears. 
The latency from inoculation to clinical disease varies but is usually not 
less than 7 months and may possibly require decades. The most 
accelerated clinical disease appears to occur in hamsters receiving 
concentrated intracerebral inocula. 

The spongiform change that serves to link these diseases has 
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received considerable attention (Fig. 7). It has been proposed that 
membranous fragments and debris associated with the vacuoles may 
harbor the disease agent. Attempts to purify scrapie agent from brain 
have lead to the speculation that it is highly membrane associated 
(Hunter, 1972; Clarke and Millson, 1976). However, it now appears 
that infectivity can be dissociated from plasma membranes (Prusiner et 
al., 1977). Further, the spongiform change can be seen in animals given 
toxic doses of cuprizone, supporting the possibility that it may be a 
secondary phenomena. Indeed, development of vacuolization may be a 
transient phenomenon that does not appear to be an invariable feature 
of the late pathology of the transmissible dementias (Masters and 
Richardson, 1978). Finally, varying degrees of spongiform change are 
seen in experimental infections with conventional viral agents (Brooks 
et al., 1979). 

Fig. 7. Vacuolization of the neuropil in a photomicrograph of a biopsy specimen from 
a patient with Creutzfeldt-lakob disease. Multiple curled membranes can be seen within 
vacuoles surrounding the degenerating cortical neuron. Several enlarged dendritic 
processes are present (left) containing similar vacuoles and curled mem branes. x 1250. 
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5.3. Nature of the Spongiform Encephalopathy Agents 

Identification of the agents by electron microscopy has not been 
possible. Freeze-fracture investigations of scrapie and Creutzfeldt
Jakob disease vacuoles show a diminished number of otherwise normal
appearing intramembranous protein particles rather than unusual parti
cles or unique patterns (Dubois-Dalcq et at., 1977). Standard ultra
structural investigations have generally been equally unrewarding. 
However, there is some renewed interest in a 23-nm spherical or 
icosahedral particle seen in paracrystalline arrays within dilated 
postsynaptic processes of scrapie-infected mice (Baringer and Pruisner, 
1978). 

Attempts to characterize the physical-chemical properties of these 
agents must be qualified by the present failure to purify the agents of 
homogeneity. Nonetheless, infected brain homogenates and partially 
purified preparations show unusual properties which include a relative 
resistance to heat, irradiation, alkylating agents, RNase and DNase, 
and certain organic solvents (Table 2). The size of the transmissible 
agent is < 200 nm and in the case of kuru probably < 50 nm. 

6. HUMAN DISEASE OF SUSPECTED VIRAL ETIOLOGY 

The isolation of viruses from SSPE, progressive multifocal leu
koencephalopathy, and progressive rubella panencephalitis, and the 

TABLE 2 

Selected Physicochemical Properties of Scrapie 

Particle size (filtration) 
Sedimentation coefficient 
Genome size (UV irradiation) 
UV adsorption maxima 
Not inactivated by: 

30-50 nm 
400-1200 S 
10" daltons 
2370 A 
Triton X-IOO 
Sodium dodecyl sulfate 
Sodium periodate 
Acetone 
Ether 
800 e x 30 min 
Formaldehyde 
I/-Propiolactone 
Sodium deoxycholate 
Lysolecithin 
Ribonuclease 
Deoxyribonuclease 
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transmission of kuru and Creutzfeldt-Jakob disease to subhuman pri
mates have demonstrated that viruses can cause slowly progressive neu
rological diseases of man with diverse pathological findings. This has 
led to speculation and preliminary studies of a variety of other human 
neurological diseases where viral involvement is suspected. 

6.1. Multiple Sclerosis 

MUltiple sclerosis is a chronic human demyelinating disease with a 
remitting and relapsing course. Epidemiological studies have suggested 
an infectious etiology. There is a marked geographic gradient in the 
disease, and people who migrate from high- to low-risk zones after 
adolescence tend to maintain a high risk, suggesting that disease is 
dependent on childhood exposure to an external factor. Early-life envi
ronmental factors are also suggested by somewhat higher familial inci
dence yet a low conjugal incidence, indicating a lack of importance of 
adult exposure. The failure to find higher concordance in monozygotic 
than dizygotic twins suggests little genetic influence, although there is a 
higher incidence of certain histocompatibility antigens among multiple 
sclerosis patients. Serological studies from many independent investiga
tions have shown that mUltiple sclerosis patients have higher antibody 
levels against measles virus than do controls and a higher frequency of 
measles antibody in CSF. Some studies have shown significant but 
smaller increases in antibody against herpes simplex, vaccinia, varicella 
zoster, influenza, parainfluenza, mumps, and rubella in the CSF of 
multiple sclerosis patients. The significance of these higher antibody 
titers, however, still remains unknown. A number of claims of trans
mission of disease or virus isolation have also been made, including the 
recovery of a rabieslike virus from patients in the Soviet Union, 
recovery of herpes simplex virus from the brain of a patient in Iceland, 
reported induction of scrapie in sheep inoculated with brain of a 
patient, recovery of parainfluenza type I from brain cell cultures 
derived from two patients, recovery of measles virus, and the recent 
recovery of coronaviruses. However, none of these virus recoveries 
has been independently corroborated in other laboratories (Johnson, 
1975b). 

6.2. Amyotrophic Lateral Sclerosis 

Amyotrophic lateral sclerosis is a chronic degenerative disease 
characterized by the progressive loss of motor neurons. The selective 
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involvement of motor neurons is reminiscent of the selectivity of 
poliovirus infections, and the observation of a late-life lower motor 
neuron disease in patients with sequelae of poliomyelitis (see Section 
4.1) first led to speculation of a viral etiology. Transmission of 
amyotropic lateral sclerosis to monkeys was claimed in the Soviet 
Union, but these studies have not been confirmed by others despite 
extensive attempts (Johnson, 1976). In addition, an analogy can be 
drawn to the slowly progressive motor neuron disease in mice induced 
by naturally occurring ecotropic retrovirus (Gardner et al., 1976). 
Although the murine disease is characterized by progressive upper and 
lower motor neuron signs similar to those seen in amyotropic lateral 
sclerosis, the pathological changes are much more characteristic of 
the vacuolization and curled membranes seen in the spongiform en
cephalopathies. 

6.3. Parkinson's Disease 

Parkinson's disease is a common progressive neurological disease 
in which the neurotransmitter deficit is known but the pathogenesis of 
the neuronal loss of the substantia nigra is not. The disease is occa
sionally seen following viral encephalitis and was a common sequela of 
Von Economo's disease, which occurred in pandemic form between 
1916 and 1926. However, the causal agent of Von Economo's disease is 
unknown. The demonstration of influenzelike antigen in the brains of 
patients with postencephalitic parkinsonism has renewed interest in the 
possible viral etiology of other cases (Gamboa et al., 1974), but 
attempts to transmit Parkinson's by inoculation of primates or to 
recover viruses have been uniformly unsuccessful (Gibbs and Gaj
dusek, 1972). Further, persistent infection of mice with neuro
adapted strains of influenza virus has not resulted in alteration of levels 
of neurotransmitter in the brains of these animals. 

6.4. Continuous Focal Epilepsy 

In some cases of continuous focal motor epilepsy in the Soviet 
Union it has been possible to recover tick-borne viruses from brain 
obtained during the surgical removal of epileptic foci long after resolu
tion of the acute encephalitis. This has been verified in several different 
institutions. Furthermore, a strain of tick-borne encephalitis virus has 
been found to produce a nonfatal infection of rhesus monkeys followed 
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by chronic movement disorder. The virus has been recovered from the 
monkey brain 9 months after inoculation. Studies have been carried out 
on a number of patients with chronic focal epilepsy with chronic 
inflammatory changes in North America, but no virus has been 
recovered from these cases (Asher, 1975). Additionally, Russian spring
summer encephalitis virus has been associated with a slowly evolving 
generalized neural disease with features similar to SSPE and pro
gressive rubella panencephalitis in several patients (Ogawa et al., 1973). 

6.5. Alzheimer's Disease 

Alzheimer's disease is the most common form of presenile 
dementia, and similar pathological changes of neurofibrillary tangles 
and senile plaques are the major pathological substrates of the majority 
of patients with senile dementia. Three lines of evidence have recently 
suggested the possibility of a transmissible agent in this disease. First, 
brain tissue from two patients with familial forms of Alzheimer's 
disease has induced neurological disease in chimpanzees. However, the 
pathological lesions in these animals have been those of spongiform 
encephalopathy typical of Creutzfeldt-lakob disease without the patho
logical features of Alzheimer's disease (Gajdusek and Gibbs, 1975). 
Second, it has been shown with some strains of scrapie virus that amy
loid-containing plaques can be produced in mouse brain reminiscent of 
the senile plaques of Alzheimer's disease (Wisniewski et al., 1975). 
Finally, homogenates of the brains of patients with Alzheimer's disease 
have been shown to induce neurofibrillary changes in organotypic cul
tures of CNS similar to those seen in the disease (DeBoni and Crapper, 
1978). All of these studies require further confirmation. 

7. CONCLUSIONS 

To fully understand the role of viruses in chronic neurological 
diseases, one must consider complex interactions involving varied viral 
replication strategies, virus-cell interactions, systemic barriers to viral 
spread, the complexities of nervous system structure and function, and 
host immune function. Chronic neurological diseases have been asso
ciated with viruses of many families, and very few generalizations 
regarding pathogenesis are possible. Viruses can enter the CNS by one 
or more different routes, and, indeed, the same virus may utilize dif
ferent pathways in different hosts. Viral spread within the CNS and 
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selective vulnerability of specific neural cell populations to viruses are 
still poorly understood phenomena, each with at least several divergent 
underlying mechanisms. Similarly, the contribution of the immune 
responses to the prevention, enhancement, or causation of chronic CNS 
disease is diverse, and a response of benefit to the host at one point dur
ing the infectious process may have adverse effects later in the same 
infection. Problems in defining the role of the immune response are 
compounded by our paucity of knowledge of compartmentalization of 
immune responses in the CNS. 

In chronic CNS disease clear distinctions must be drawn between 
infection and replication, clinical disease and pathological change. 
Chronic clinical disease does not imply either chronic infection or a 
stereotyped pathological reaction. Neither does chronic infection 
necessarily lead to chronic disease. Furthermore, the mechanisms of 
chronic infection and chronic disease are almost as numerous as the 
number of virus-host systems studied. 

Advances in molecular virology have been greatly enhanced by the 
use of in vitro and simplified continuous cell culture systems which 
reduce the number of confounding variables when dissecting mecha
nisms of viral replication and virus-cell interactions. Further, the use of 
more complex organ cultures has been invaluable in isolating certain 
components of viral pathogenesis for effective study. It is not always 
possible to extrapolate from in vitro systems, and the complexities of 
the CNS can certainly not be simulated in culture. Studies of 
the contribution of crucial anatomical factors and complex human 
responses to disease pathogenesis necessitate experimental study in ani
mals and careful clinicopathological observations in man. The wealth of 
virological knowledge accumulated through handsome in vitro experi
mentation must continue to be extended to complex studies in animal 
hosts. The recognition of viral causation of five chronic albeit rare 
human neurological diseases has opened a window onto the possible 
extraordinary contributions that virology might have in the study of 
common chronic neurological diseases-diseases which, in both eco
nomic and human terms, represent some of our most important health 
problems. 
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