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Preface to the Series

The mechanisms of disease production by infectious agents are presently the
focus of an unprecedented flowering of studies. The field has undoubtedly
received impetus from the considerable advances recently made in the under-
standing of the structure, biochemistry, and biology of viruses, bacteria, fungi,
and other parasites. Another contributing factor is our improved knowledge of
immune responses and other adaptive or constitutive mechanisms by which hosts
react to infection. Furthermore, recombinant DNA technology, monoclonal anti-
bodies, and other newer methodologies have provided the technical tools for
examining questions previously considered too complex to be successfully tackled.
The most important incentive of all is probably the regenerated idea that
infection might be the initiating event in many clinical entities presently classified
as idiopathic or of uncertain origin.

Infectious pathogenesis research holds great promise. As more information
is uncovered, it is becoming increasingly apparent that our present knowledge of
the pathogenic potential of infectious agents is often limited to the most notice-
able effects, which sometimes represent only the tip of the iceberg. For example, it
is now well appreciated that pathological processes caused by infectious agents
may emerge clinically after an incubation of decades and may result from genetic,
immunologic, and other indirect routes more than from the infecting agent itself.
Thus, there is a general expectation that continued investigation will lead to the
isolation of new agents of infection, the identification of hitherto unsuspected
etiologic correlations, and eventually, more effective approaches to prevention
and therapy.

Studies on the mechanisms of disease caused by infectious agents demand a
breadth of understanding across many specialized areas, as well as much cooper-
ation between clinicians and experimentalists. The series Infectious Agents and
Pathogenesis is intended not only to document the state of the art in this fascinating
and challenging field but also to help lay bridges among diverse areas and people.

M. Bendinelli
H. Friedman
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Preface

There has been a tremendous increase in interest in the neuropathogenicity of
viruses during the past decade as we have come to recognize that the human
immunodeficiency virus, which causes the acquired immunodeficiency syndrome
(AIDS), can infect glial cells and cause neurological disease. Yet this increase has
not been limited to AIDS but has extended to viruses that infect either or both the
central and peripheral nervous systems. The changes examined here include both
neurological and psychological diseases or syndromes. Moreover, the chapters in
this volume review the interaction of the host immune system with the viruses
examined and how such interactions may increase or decrease the neuropatho-
genicity of the viruses.

Questions regarding viral neuropathogenesis include: (1) What is the mode
of transmission of virus to the nervous system? (2) What types of cells are
infected, and do they contain receptors for the virus? (3) What is the extent of
damage that results from viral infection? (4) What are the immunologic mecha-
nisms by which damage is mediated or limited? Many of these questions remain
unanswered, but this volume delves into efforts to provide some answers.

There is an overall increase in awareness that many neurological and psycho-
logical conditions have a physiological basis. In many cases it has not been possible
to detect any reason for such disease, but in recent years research has drawn us
nearer to solving some of these mysteries. One approach has been to look for
virological causes of such disease, and in several cases the path has led to the
discovery of etiologies that are likely virus induced (e.g., human T-lymphotropic
virus I is linked to tropical spastic paraparesis). Yet, other diseases elude the
ability of the scientific community to detect a cause. In some cases there is
evidence that an antecedent viral infection may have occurred in the host or
even in neural tissue, but there is no evidence of virus being present at the
time that active disease is seen. In certain circumstances it has been shown that
the earlier viral infection may have led to activation of the immune system,
resulting in damage to neural tissues long after the viral infection has cleared.
Alternatively, neural tissue may be persistently infected by latent viruses that may
express viral antigens on their surface resulting in destruction of neural tissue
because of an immunologic attack against the foreign antigens displayed on the
cell surface. Thus, developing an understanding of the role of both viruses and

ix



x PREFACE

immune responses in eliciting neuropathogenesis has been a major goal of this
volume.

Our understanding of such viral and immune interactions with neural tissue
has been acquired through the study of animal models of viral neuropatho-
genesis, and it is for this reason that a portion of this volume is devoted to animal
models. Because of the tremendous interest in and support of AIDS research,
retroviruses, especially lentiviruses, have been examined more extensively than
any other animal models of neuropathogenic viruses.

In recent years viruses have come under increasing scrutiny as etiologic
agents in psychosis. Again, much of this can be attributed to the AIDS epidemic
and our increasing knowledge of virus-induced dementia. For the past decade or
so there has been the suggestion that even a more severe disease, schizophrenia,
may have a viral component to its etiology, and this is examined.

As we realize more convincingly that virally induced neurological disease is
more widespread than we previously thought, it becomes clearer that our ap-
proaches to dealing with such infections are dependent on a more thorough
understanding of the nature and mechanisms by which these agents attack the
nervous tissues and cause disease. The advent of biotechnology and newer, more
sophisticated methods to examine disease and affected tissues will surely assist
our progress toward understanding neuropathogenic viruses and the diseases
they cause. This will take a concerted effort of a multidisciplinary nature,
involving molecular and cellular biologists, virologists, immunologists, neurolo-
gists, psychiatrists, and others. This volume is designed to provide an integration
of both the current understanding of the virological and immunologic compo-
nents of these neuropathogenic diseases.

Steven Specter
Mauro Bendinelli
Herman Friedman
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Viruses and
Neuropsychiatric Disorders

Facts and Suppositions

STEVEN SPECTER, MAURO BENDINELLI,
and HERMAN FRIEDMAN

1. THE FACTS

The list of human viruses that exhibit a well-documented though varied degree
of neurotropism and neuropathogenicity is impressive. It includes RNA and
DNA viruses of many different families and genera (Tables 1-1 and 1-2). In fact,
there are few human viruses that appear entirely incapable of producing diseases
at the level of the central (CNS) or peripheral (PNS) nervous system. To the list of
well-characterized viruses we must add a still undefined number of poorly
understood but clearly neurotropic transmissible agents commonly, though not
solely, referred to as “unconventional viruses.” These agents appear to share with
viruses little more than the ability to replicate and be transmitted (Table 1-3).

The list of virus-induced diseases of the CNS and PNS is also a long one.
These diseases can be loosely grouped as in the following sections.

STEVEN SPECTER and HERMAN FRIEDMAN ¢ Department of Microbiology and Immunol-
ogy, University of South Florida, College of Medicine, Tampa, Florida 33612-4799.  MAURO
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TABLE 1-1
Major DNA Viruses Known to Affect the Nervous System of Man

Neurological involvement

Family Genus Viruse Frequency? Localization¢
Adenoviridae Mastadenovirus Adenovirus * M, E
Herpesviridae  Simplexvirus HSV-1 +++ N,E,M
HSV-2 +++ N,E,M
B ++4 E
Varicellavirus VZV ++ N, M?, E?
Cytomegalovirus CMV + E
Lymphocryptovirus  EBV + M?, E?
Polyomaviridae  Polyomavirus JC + E
BK ?

sCMYV, cytomegalovirus; EBV, Epstein—Barr virus; HSV, herpes simplex virus; VZV,
varicella—zoster virus.

bRelative to total number of infections with the indicated virus.

¢E, brain and/or spinal cord; M, leptomeninges; N, nerves.

L1. Acute Diseases Resulting Directly from Viral Invasion

Viral invasion of the CNS has long been known to lead to acute diseases,
which are primarily the result of direct cell damage or destruction by the
infecting virus, although inflammatory and immunopathologically mediated
injury of infected tissue usually also contributes significantly to the disease
process. Because neurons and supporting cells have limited or no capacity to
regenerate, the consequences may be devastating.

Viruses are responsible for most cases of acute meningitis and essentially all
cases of acute encephalitis and encephalomyelitis in man. Although the etiologic
agent of most such cases remains undetermined, the viruses that are more
frequently found associated with encephalitis are herpes simplex virus (HSV),
togaviruses, bunyaviruses, and enteroviruses (Fig. 1-1). Whereas togaviral, bunya-
viral, and enteroviral forms are epidemic in nature and present clear geographic
and temporal variations in their incidence (Fig. 1-2), HSV-induced cases occur
sporadically.

The incidence of at least some epidemic forms of viral encephalitis has
decreased recently in developed countries as a result of control measures to limit
biological vectors (togaviruses), improved environmental sanitation (entero-
viruses), and widespread use of vaccinations against polio and other viruses.
Nevertheless, even in Western countries, the global public health impact of these
diseases remains significant. The reported annual average 1500 cases of primary
encephalitis and 10,000 cases of aseptic meningitis (although aseptic meningitis is
not always viral meningitis, the great majority of cases are virus-induced) in the
United States (Table 1-4) are gross underestimates because of marked under-
reporting, and the true occurrence of these infections is probably 6 to 12 times
higher.3 In third-world countries preventive measures have been much less
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TABLE 1-2
Major RNA Viruses Known to Affect the Nervous System of Man
Neuropathogenicity
Family Genus Viruss Frequency? Localization¢
Arenaviridae Arenavirus LCMV + M, E
Junin + M?
Lassa + M?
Bunyaviridae Bunyavirus California encephalitis ++ E, M
LaCrosse encephalitis ++ E
Tahyna + E
Phlebovirus Rift Valley fever + E
Toscana + M
Filoviridae Marburg + E
Paramyxoviridae  Paramyxovirus ~Mumps + M, E
Morbillivirus Measles +
Picornaviridae Enterovirus Polio ++ M, E
Coxsackie A + M, E
Coxsackie B + M E
Echo +
Entero 70 + M, E
Reoviridae Orbivirus Colorado tick fever + M, E
Retroviridae Oncovirus HTLV-1 ?
Lentivirus HIV-1 ++ E, N
Rhabdoviridae Lyssavirus Rabies +++ E
Togaviridae Alphavirus EEE +++ E
VEE +++ E
WEE +++ E
Rubivirus Rubella + E
Flaviviridae Flavivirus Japanese encephalitis ++ E
St. Louis encephalitis ++ E
Murray Valley encephalitis ++ E
Rocio + E
West Nile encephalitis ++ E
Central European TBE ++ E
RSSE ++ E
Louping Ill + E
Powassan + E

<EEE, Eastern equine encephalitis; HIV, human immunodeficiency virus; HTLV, human T-lymphotropic
virus; LCMV, lymphocytic choriomeningitis virus; RSSE, Russian spring—summer encephalitis; TBE, tick-
borne encephalitis; VEE, Venezuelan equine encephalitis; WEE, Western equine encephalitis.

bRelative to total number of infections with the indicated virus.

¢E, brain and/or spinal cord; M, leptomeninges.
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TABLE 1-3
Diseases Produced by “Unconventional
Viruses” in Man and Animals

Human
Kuru
Creutzfeldt—Jakob disease
Gerstmann—Straussler syndrome
Animal
Scrapie
Transmissible mink encephalopathy
Chronic wasting disease of mule deer and elk
Bovine spongiform encephalopathy

effective to date, and even poliomyelitis and rabies, which have become very rare
in developed countries (Figs. 1-3 and 1-4), still represent serious scourges. On the
other hand, attempts to develop vaccines against important causes of human
encephalitis such as Japanese encephalitis virus are still under way.

Although viral meningitis is usually a mild illness, viral encephalitides are
very serious diseases, with death rates ranging between 2% and 50% depending
on the etiologic agent and residual mental and motor disabilities in a significant
proportion of cases. The recent introduction of effective chemotherapy has
markedly reduced the gravity of HSV encephalitis, which previously was a
devastating disease with up to 70% lethality and some sequelae in 25-50% of
those who survived. Many such cases occur in children and adolescents.

HERPES ENTERO- Ce* SLE* EEE*® wEee* CHICKEN MUMPS MEASLES
VIRUS POX

ETIOLOGY

FIGURE 1-1. Reported cases of encephalitis by etiology in the United States in 1983. Cases of
indeterminate etiology in the same year were 1,401. CE, California encephalitis; SLE, St. Louis
encephalitis; EEE, Eastern equine encephalitis; WEE, Western equine encephalitis. (From
Centers for Disease Control.})
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TABLE 1-4
Reported Cases of Aseptic Meningitis, Primary Encephalitides,
and Postinfectious Encephalitis, United States, 1975—-1988¢

Year  Aseptic meningitis  Primary encephalitis  Postinfectious encephalitis

1975 4,475 4,064 237
1976 3,510 1,651 175
1977 4,789 1,414 119
1978 6,573 1,351 78
1979 8,754 1,504 84
1980 8,028 1,362 40
1981 9,547 1,492 43
1982 9,680 1,464 36
1983 12,696 1,761 34
1984 8,326 1,257 108
1985 10,619 1,376 161
1986 11,374 1,302 124
1987 11,487 1,418 121
1988 7,234 882 121

sData from Centers for Disease Control.2

Fewer viruses are recognized as capable of infecting the PNS as compared
with those that invade the brain and spinal cord (see Chapter 3). However, viral
invasion of the PNS is also associated with significant disease. For example,
varicella zoster virus replication in peripheral nerves results in a neuralgia that
may last for several months.

1.2. Acute Parainfectious Syndromes

The clinical and epidemiologic association of postinfectious encephalo-
myelitis and other parainfectious neurological syndromes with viruses is also well
established. It was soon noted that these forms develop 1 to 4 weeks after the onset
of a variety of viral infections and also after certain antiviral vaccinations (Table
1-5). Postinfectious encephalomyelitis is believed to be mainly autoimmune in
nature because no virus can be consistently recovered or identified from neural
tissues and because it shares substantial clinical and pathological features (includ-
ing similar patterns of myelin loss) with experimental allergic encephalomyelitis.
In addition, a high proportion of patients show antibody- and/or cell-mediated
immune reactivity to neuroantigens. Similar considerations apply to the
Guillain—Barré syndrome, whereas the pathogenesis of Reye’s syndrome and Von
Economo’s disease are more uncertain.

Although there is little doubt that these forms of NS disease are somehow
related to a preceding exposure to viruses or viral antigens, how so many widely
diverse agents can trigger the same immunopathological response remains an
enigma. An answer might lie in the complex immunologic dysregulations pro-
duced by many viral infections, but it has also been suggested that the activation
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FIGURE 1-3. Reported cases of paralytic poliomyelitis in the United States from 1951 to 1987.
(From Centers for Disease Control.2)

of a second hitherto unidentified virus might be involved. Today, the Guillain—
Barré syndrome is frequently associated with human immunodeficiency virus
(HIV) infection, where it generally occurs when there still is little if any evidence
of immunosuppression. Current hypotheses to explain this complication of HIV
infection include a direct action of the virus or neurotropic HIV variants on nerve
cells, autoimmune mechanisms, and circulating neurotoxins. It also seems likely
that genetic and other cofactors contribute to' the genesis of parainfectious
neurological diseases. Epidemiologic studies have confirmed prior reports of an

200

75
I Acquired outside U.S.

150 [ Acquired in the US.

I

] ! '

1940 1945 1950 1355 1960 1965 1970 1975 1980 1985 1990'
5-Yeor Periods

FIGURE 1-4. Reported cases of human rabies in the United States from 1940 to 1988, by 5-year

periods. (From Centers for Disease Control.#) tFour-year period only.
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TABLE 1-5
Parainfectious Neurological Syndromes and the Viruses Involved
Syndromes Triggering viruses
Postinfectious encephalomyelitis Measles, VZV, rubella, influenza, and other

respiratory infections; infectious mononucleosis;
vaccination with live or inactivated viruses
(smallpox, yellow fever, measles, rabies)

Guillain—Barré syndrome (acute VZV, mumps, CMV, HIV, EBV, rubella, enteroviruses;
immune-mediated polyneuropathy) vaccination with live or inactivated viruses

Reye’s syndrome VZV, influenza

Von Economo’s disease (encephalitis Influenza
lethargica)

association between ingestion of aspirin during antecedent viral illness and
subsequent development of Reye’s syndrome.6 Whatever the underlying mecha-
nisms, it is clear that a wide spectrum of viruses can initiate an immune-mediated
attack on the CNS, the PNS, or both.

The discontinuation of smallpox vaccination and the continuing practice of
vaccination against exanthematous diseases of childhood have considerably re-
duced the incidence of postinfectious encephalitis in developed countries (Table
1-4), where it is now mainly seen in conjunction with upper respiratory tract
infections and varicella.” In countries where measles vaccination has not yet
become widespread, measles remains the major cause of postinfectious encepha-
litis. Its frequency is approximately one case per 1000 cases of measles,8 and so
worldwide incidence might be as high as 100,000 cases per year. Case-fatality rates
of postinfectious encephalitis may be high, up to 50%, depending on the trigger-
ing event. However, most patients who survive the acute phase of the disease
recover completely.

1.3. Congenital Defects

Viral invasion of the CNS in the fetus produces severe encephalitides with
extensive inflammatory and necrotic lesions as well as a variety of neural malfor-
mations and functional deficits (Table 1-6) that are frequently accompanied by a
number of other teratogenetic effects. The type and severity of these conditions
depend on the etiologic agent as well as on the gestational development at the time
of infection.910 The introduction of rubella vaccination has considerably de-
creased the frequency of these congenital infections, at least in developed coun-
tries, but a limited number of cases of these devastating afflictions persist.

1.4. Subacute and Chronic Diseases

More recently, a number of well-defined subacute and chronic neurological
disorders have been recognized to be caused by persistent infection with conven-
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TABLE 1-6
Major Neurological Malformations and
Deficits Associated with Viral Infections of the Fetus

Diseases Viruses involved
Microcephaly, hydrocephalus, limb hypoplasia, microgyria, Rubella, CMV, HIV, HSV,
cerebral calcifications, visual, auditory, motor, and mental enteroviruses, others

deficits, retardation

tional and unconventional viruses (Table 1-7). These disorders include both
“degenerative” noninflammatory diseases and demyelinating inflammatory dis-
eases. These conditions are generally rare, but some are opportunistic diseases
and develop preferentially in immunocompromised subjects; their number appears
likely to increase in association with the increasing numbers of immunocompro-
mised individuals. An augmented incidence of papovavirus-induced progressive
multifocal leukoencephalopathy has already been noted as a consequence of the
HIV pandemic. It also has been suggested that in HIV-immunosuppressed
patients papovavirus activation may not only cause damage by directly infecting
oligodendroglia but may also cause additional damage by attracting HIV-infected
macrophages.!! As discussed below, the importance of the recognition of these NS
diseases as being of viral etiology lies also in the expectations that the etiology of
other apparently idiopathic chronic diseases of the CNS may be similarly demon-
strated to be related to detectable infectious agents.

In conclusion, despite a number of significant victories that have reduced
morbidity and mortality from NS infections in the last two to three decades, the
burden in suffering, premature death, and long-term sequelae of the neuro-
pathogenic potential of viruses, as presently understood, is a very heavy one.

TABLE 1-7

Subacute and Chronic Neuropathies Caused by Viruses
Disease Virus
Subacute sclerosing panencephalitis Measles
Chronic progressive panencephalitis Rubella
Progressive congenital encephalomyelitis Rubella
Congenital cytomegalic inclusion disease CMV
AIDS—dementia complex and peripheral neuropathies HIV
Spongiform encephalopathies Unconventional viruses
Recurrent meningitise Echo
Subacute encephalitis® Measles
Progressive multifocial leukoencephalopathys JC polyomavirus

sOccurring in immunocompromised individuals only.
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2. THE SUPPOSITIONS

As mentioned above, certain rare chronic neuropathies of man long consid-
ered idiopathic in nature are now known to be caused by viruses, and others by
unprecedented infectious agents—discovered much as a result of the work of
Carleton D. Gajdusek—that are much more elusive than conventional viruses.
Interestingly the latter agents do not appear to evoke an inflammatory or
immune response (see Chapter 7). In addition, animal models have clearly shown
that the nervous system is a target for persistence by a wide spectrum of viruses
and that neurotropic viruses can cause significant behavioral changes without
producing obvious histopathological alterations.12 These findings have aroused
suspicions (and hopes) that other and more widespread unexplained neurological
and psychiatric disorders of man may be of similar etiologies. There is now
consistent, albeit circumstantial, evidence that the human T lymphotropic
(retro)virus type 1 (HTLV-1) is implicated in the genesis of tropical spastic
paraparesis, a disease that markedly resembles multiple sclerosis and other
neuropathies!3 (see Chapter 12). Because HTLV-1 isolated from tropical spastic
paraparesis does not differ significantly from the leukemogenic prototypes, it has
been speculated that the virus might induce either lymphoproliferative disease or
chronic neuromyelopathy depending on as yet unknown cofactors.14 Since exper-
imental infection with certain viruses (adenoviruses, polyomaviruses, and retro-
viruses) can induce tumors of varied histotype in the CNS of rodents and other
animals, it is also suspected that some brain tumors of man might have a viral
origin (Table 1-8).

Because the suspicion of a viral etiology for “idiopathic” nervous system
diseases is of the utmost importance, this area of research is currently one of great
excitement. Several chapters of the present volume describe the intensive re-
search pursued with regard to the role of viruses, virus-like elements, and virus-
related genetic elements in a number of important neuropsychiatric diseases of
unknown origin. The difficulties encountered in these studies are many, and
progress is inevitably slow. Frustration in this area is exemplified by the fact that
over the years some 20 different viruses have been suggested as possible etiologic
agents of multiple sclerosis (see Chapter 14). Thus, today it is impossible to
predict whether and to what extent current suspects will be corroborated.

One point seems, however, easy to forecast. Several years ago Professor
Richard T. Johnson pointed out that, “in the etiopathogenesis of neuropathies it
is often unclear where the field of virology ends and that of immunology
begins.”15 This has become even more evident with the recognition that complex
bidirectional functional and regulatory interactions are operative between the
nervous and immune systems. In light of such interactions, it seems highly likely
that viruses and other agents that primarily affect one of the systems may also
have a profound impact on the other. It is, therefore, to be expected that future
advances will mainly stem from collaborative efforts in the areas of molecular
virology, viral immunobiology, neurobiology, and neuroimmunology. The newly
recognized HIV-associated neuropsychiatric disorders have already taught a
great deal in this direction. Mimicking the contrast between the severe gener-
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TABLE 1-8
Some Neurological and Psychiatric Disorders
for Which a Viral Origin Has Been Suggested

Demyelinating
Multiple sclerosis and its variants (neuromyelitis optica, concentric sclerosis, etc.)
Tropical spastic paraparesis (HTLV-1?)
Behcet’s disease
Other chronic myelopathies
Degenerative
Amyotrophic lateral sclerosis
Parkinson’s disease
Alzheimer’s disease
Other presenile dementias
Vascular
Arteriosclerosis
Angiitis
Psychiatric
Schizophrenia
Proliferative
Meningioma
Glioma
Von Recklinghausen’s disease
Other tumors
Others
Myalgic encephalomyelitis (or postviral fatigue syndrome)

alized immunodeficiency and the low proportion of HIV-expressing immuno-
cytes found in AIDS (1/10,000 to 1/100,000), the number of HI V-infected cells in
neural tissues appears inadequate to explain the neuropsychological changes,
including dementia and cortical atrophy, present in many patients (see Chapter
12). This substantiates a long history of speculations about possible mechanisms,
both immunologically and nonimmunologically mediated, of indirect viral dam-
age to the nervous system. Why should we presume that such disparity is limited
to HIV?
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Immune Responses and the
Central Nervous System

WILLIAM R. TYOR and RICHARD T. JOHNSON

1. INTRODUCTION

The central nervous system (CNS) is relatively isolated from systemic immune
responses in the absence of disease. Within the normal CNS, there is no mecha-
nism for antibody production, no lymphatic system, and few if any phagocytic
cells. The CNS has been described as an “immunologically privileged site”
because of the paucity of normal immune surveillance. Consequently, when a
virus penetrates the blood—brain barriers that exclude most infectious agents, the
same barriers may deter viral clearance.

Low levels of immunoglobulins are found in normal cerebrospinal fluid
(CSF), but these immunoglobulins are derived solely from the blood.! Small
numbers of lymphocytes are also present in the CSF, and they normally mirror the
T helper/T suppressor—cytotoxic cell ratios in the blood. The circulation or
function of these cells is unknown; they presumably enter from the blood through
the arachnoid or choroid plexus vessels and exit at the cervical lymphatics.2

Immune responses in the CNS during infection are recruited from the
systemic circulation in a relatively selective and specific fashion. Cells and anti-
bodies found in the nervous system during infections differ from those that follow
nonspecific rupture in the blood—brain barrier such as occurs after a traumatic
injury (e.g., a stab wound). In traumatic lesions the transudate of serum contains
antibodies, and cells of all types enter, but with a predominance of monocytes that
differentiate into macrophages. During viral infections, although an early in-

WILLIAM R. TYOR and RICHARD T. JOHNSON -+ Department of Neurology, Johns Hopkins
University School of Medicine, Baltimore, Maryland 21205.

Neuropathogenic Viruses and Immunity, edited by Steven Specter et al. Plenum Press, New York,
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crease in permeability of vessels allows transudation of serum proteins, cell entry
is immunologically specific, and the cells that enter have specific kinetics and do
not simply mirror the proportions of cell phenotypes in the blood. These cells in
turn are caused to replicate or differentiate within the CNS, and B lymphocytes
mature into antibody-forming cells that may persist for long periods of time
within the CNS.3

Therefore, to review immune responses in the CNS it is necessary first to
discuss the anatomy and physiology of extraneural immune responses and then
to discuss how the responses are recruited into and evolve within the CNS.

2. GENERAL OVERVIEW OF THE IMMUNE SYSTEM

2.1. Anatomy of the Immune System

The general anatomy of the immune system can be divided into the lymph
nodules, lymph nodes, the spleen, the thymus, and the reticuloendothelial system
(RE system). The cellular constituents of the immune system include T cells, B
cells, monocyte—macrophages, dendritic cells, and endothelial cells.

Lymph nodules are collections of lymphoid cells that occur in submucosal
layers in the gastrointestinal (i.e., Peyer’s patches), respiratory, and genitourinary
tracts. The B cells that lie within these nodules secrete relatively high amounts of
IgA and IgE, which contribute to the defense against pathogens in the external
environment (i.e., on the mucosal surfaces of these tracts). If pathogens breach
this barrier, they may then enter the lymphatic system in which they are carried to
the lymph nodes, which are concentrated in various locations throughout the
body. The lymph nodes that receive most of the drainage from the CNS are the
anterior and the posterior cervical lymph nodes.4

Lymph nodes are surrounded by a connective tissue capsule through which
afferent and efferent lymphatic vessels pass, as well as arteries and veins. From the
capsule (Fig. 2-1) trabeculae extend between germinal centers, which contain
actively dividing lymphocytes (primarily B cells) and blood vessels. Toward the
center of the lymph node is the thymic-dependent area (primarily T cells), which
is highly vascularized, allowing passage of lymphocytes to and from the blood.
Lymph nodes serve as filters in the lymphatics as well as providing a source for
circulating lymphocytes in blood and the lymphatics.4

If pathogens gain access to the blood, they will encounter the spleen and/or
the RE system. The spleen serves a number of functions. It removes undesirable
elements from the blood including abnormal or senescent cells as well as patho-
genic microbes. Overwhelming bacterial infections can occur when the spleen is
removed or when its function is impaired, as in sickle cell anemia. In addition, the
spleen converts hemoglobin to bilirubin, recirculates iron, and serves as a major
source for the production of lymphocytes. The spleen has a connective tissue
capsule (Fig. 2-2) with trabeculae extending into the tissue. The white pulp
contains lymph nodules with germinal follicles that produce B cells. These
follicles are adjacent to T-cell areas through which arterioles course, providing a
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FIGURE 2-1. Structure of lymph node, schematic: A, circulation; B, supporting structures
(reticular fibers); C, general areas of thymic-dependent (T-cell) and -independent (B-cell) areas.
(From Bellanti,* p. 37.)
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FIGURE 2-2. Schematic representation of the structure of the spleen. (From Bellanti,* p. 39.)

means for passage of lymphocytes to and from the blood. Following antigenic
stimulation, B cells are released from the spleen into the blood. On the margins
of the T- and B-cell areas are significant numbers of macrophages. The red pulp
surrounds this white pulp area and contains many erythrocytes as well as
elements of the RE system.5

The RE system is present in most of the organs of the body. It is a division of
the mononuclear-phagocyte system, which includes the immature precursors of
the monocytes that are found in the bone marrow, monocytes in the peripheral
blood, infiltrating macrophages, and tissue or resident macrophages.® The RE
system is comprised of the tissue or resident macrophages, the particular organs
in which they reside, and possibly dendritic and endothelial cells. The RE system
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serves a role both as a scavenger and as a signaler to the immune system, alerting it
to the presence of pathogens. The cell types that have been identified with the
highest degree of certainty as being tissue macrophages are alveolar macro-
phages, peritoneal macrophages, and Kupffer cells (Table 2-1).7 When tissue
macrophages are activated by invading pathogens, they produce a number of
soluble factors (monokines) and process and present antigens as described later.

Dendritic cells are often considered to be a part of the RE system. These cells
are found in lymphoid tissue but are also found in the skin in the form of
Langerhans’ cells and in most other organs, except brain, in the form of inter-
stitial dendritic cells. These cells are irregularly shaped with a variety of cell
processes, including dendrites and pseudopods. Dendritic cells do not phago-
cytose particles in vitro; however, some evidence indicates that they perform this
activity n vivo. They constitutively express class I and class II molecules of the
major histocompatibility complex (MHC) as well as complement receptors. Class I
and II molecules are involved in signaling T cells about the presence of a foreign
antigen. Dendritic cells function as potent accessory cells in T-cell-dependent
immune responses; therefore, they are important in primary immune responses
as antigen-presenting cells8 (discussed in Section 2.3). Vascular endothelial cells
may also function in a role similar to that of dendritic cells. They are able to
present antigen to T cells in an MHC-restricted fashion in vitro; however, it is
unclear if they present antigen i vivo.9

2.2, Cellular Development

T-lymphocyte precursors develop from stem cells in the bone marrow (BM).
They then migrate to the thymus, where they are termed thymocytes, and further
maturation occurs. The thymus is composed of a connective tissue capsule with
septa extending into the gland, dividing its two lobes into multiple lobules (Fig.
2-3). In addition to T-cell lymphopoiesis, the thymus may serve an endocrine

TABLE 2-1

Components of the Reticuloendothelial System
Cell type Tissue location
Kupffer cells Liver
Alveolar macrophages Lung
Langerhans’ cells Skin
Histiocytes Connective tissue, skin
Osteoclasts Bone
Peritoneal and pleural macrophages ~ Serous cavities
Tissue or resident macrophages Lymph nodes, spleen, bone marrow, and others
Dendritic cells (?) Lymphoid tissues such as spleen, lymph nodes, and

lymph nodules

Vascular endothelial cells (?) All tissues

Microglia (?) Brain




20 W. R. TYOR and R. T. JOHNSON

FIGURE 2-3. Thymus gland. Schematic representation of the perivascular epithelium sur-
rounding blood vessels in the cortex. Note the barrier provided by this sheath and the pathways
of lymphocutes formed in the cortex into the blood vessels. (From Bellanti,* p. 44.)

function with the production of hormones including thymosin, which may serve
to modulate the immune system.+5

The further development of T-lymphocyte precursors from the BM begins in
the peripheral portion or cortex of the thymus. Here a subpopulation of imma-
ture T cells is selected and expanded by mechanisms that are not fully under-
stood. Many immature thymocytes that are not selected for expansion will die.
Further maturation of these expanded populations of immature thymocytes is
characterized by changes in their surface antigens (Table 2-2) and functional
properties as they migrate toward the central portion or medulla of the thymus. It
is thought that these immature thymocytes first encounter antigen-presenting
cells at the corticomedullary junction, and tolerance to self-antigens is induced. In
humans, three stages of development have been defined with the use of various
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TABLE 2-2
Cell Surface Antigens of Lymphocytes and Macrophages
MHC CD
Complement FC

Cell type ClassI ClassII 4 8 receptor receptor
T-helper cells + + ++ - - -
T-suppressor cells/cytotoxic + + - ++ - -
B cells + ++ - - + +
Monocyte/macrophages + + + - + +

monoclonal antibodies. The first two stages are characterized by the addition of
certain cell surface molecules that can be identified using specific monoclonal
antibodies and immunohistochemical techniques. During the third stage two
distinct populations of mature thymocytes can be identified. These are CD4+
thymocytes and CD8+ thymocytes. These cells are eventually released into the
blood; the CD4+ cells comprise approximately 60% of the total blood T lympho-
cytes, and the CD8+ cells comprise 20—30% of the total T-lymphocyte population
in the blood. The CD4+ cells roughly correspond to the helper/inducer popula-
tion of T cells, and the CD8+ cells include the cytotoxic and the suppressor
populations of T cells. Circulating T cells also have T 11 (the sheep erythrocyte-
binding protein) and a receptor for antigen termed the Ti—T3 complex. The Ti—
T3 receptor complex is composed of the Ti af or yd heterodimer and three
molecules constituting T3. This receptor complex is discussed later.+.5.10

B lymphocytopoiesis occurs in the BM when multipotent stem cells enter the
B-cell pathway and begin to produce cytoplasmic u heavy chains. These pre-B
cells then express surface IgM and will subsequently coexpress IgD. The fascinat-
ing sequence of immunoglobulin gene rearrangement and isotype switching is
beyond the scope of this text. Suffice it to say that light and heavy chain
rearrangement is complete by the time these immature B cells express IgM and
IgD on their surfaces. At this time, these cells are antigen committed although not
yet antigen stimulated. When immature B cells leave the bone marrow, they are
able to respond to antigen stimulation. At this time they can migrate to peripheral
lymph organs such as the spleen and lymph nodes. In addition to surface
immunoglobulin, B cells have been found to vary in their expression of comple-
ment receptors, interferon (IFN) receptors, IgG, IgD, IgM, and IgE receptors,
B-cell-stimulating factor-1 receptors, B-cell-stimulating factor-2 receptors, trans-
ferrin receptors, interleukin-2 (IL-2) receptors, and class II molecules.411

Mononuclear phagocyte (monocyte/macrophage) development begins in the
BM. The monoblast is the most immature cell of this line and is derived from the
colony-forming unit granulocyte—monocyte cell. With division of the monoblast
the promonocyte is formed, which is the direct precursor of the monocyte.
Monocytes are able to enter the circulation (their half-life is approximately 3
days), where they may then migrate to various tissues and become resident
macrophages.12 The macrophage population within a tissue is primarily depen-
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dent on monocyte influx rather than on local production of new macrophages
from the existing resident macrophages. The life span of tissue or resident
macrophages is on the order of months. Whether these resident macrophages are
able to migrate to other tissues is unclear, but the recirculation of macrophages in
peripheral blood is minimal. Nonetheless, the migration of macrophages to
nearby lymph nodes does occur, and there is evidence that they may then perish
there. Macrophages have Fc receptors, complement receptors, a low concentra-
tion of CD4 molecules, and may express class I and class II molecules as well.13

2.3. Activation of the Immune System

Once pathogens enter the body, they may be taken up and processed by a
number of different cell types that are a part of the RE system. After the
pathogen has been processed within the cell, antigen is expressed on the cell
membrane in association with immune-associated (Ia) molecules, also called class
II molecules.14 Class 11 molecules are coded for by genes in the MHC. Specifically
in humans, this is designated the human leukocyte antigen D (HLA-D) region.
This region is polymorphic, providing for a great deal of genetic variability in the
expression of class I molecules.15 Class II molecules are constitutively expressed
on dendritic cells of the RE system and mature B cells. They are also expressed
on a minority of macrophages and T cells normally; however, during immune
activation all of these cell types can up-regulate class II molecule expression.4

Pathogens invading a particular tissue may be phagocytized by resident
macrophages. Alternatively, the pathogen may infect or be taken up by cells such
as dendritic or possibly vascular endothelial cells. The processed pathogen or
antigen, when expressed on the surface of these cell types in association with class
II molecules, can be recognized by specific T-helper cell clones. These specific
T-helper cell clones are then signaled to proliferate and induce other cellular
components of the immune system through the elaboration of cytokines (see
below). Generally T-helper cells are only able to recognize antigen if it is associ-
ated with class II molecules on an antigen-presenting cell (APC) such as macro-
phages and dendritic cells.4:8-10.13

Class I molecules are also coded for by genes in the MHC. Specifically in
humans these are the HLA-A, HLA-B, and HLA-C regions, each of which has
multiple alleles (like the HLA-D region, they are polymorphic). Class I molecules
are found on most nucleated cells. They were originally described as major
transplantation antigens involved in graft rejection. Cytotoxic (CD8+) T cells are
only able to recognize antigen if it is associated with class I molecules on the
surface of cells that have been infected or that have taken up the antigen.
Classically this has been demonstrated in the context of virally infected cells that
are lysed by cytotoxic T cells that recognize the viral antigen on the surface of the
infected cell in association with class I molecules.*

Many immune cells, when activated, can produce cytokines. Cytokines func-
tion as amplifiers of the immune system. Many of these cytokines and their
biological properties are listed in Table 2-3 along with the cell types that produce
them.16.17



IMMUNE RESPONSES AND THE CNS

TABLE 2-3

23

Relevant Cytokines

Cytokine

Cell production

Biological properties

Interleukin-1 (IL-1)

Interleukin-2 (IL-2)

Interleukin-3 (IL-3)

Interleukin-4 (IL-4;
B-cell-stimulating
factor 1)

Interleukin-5 (IL-5;
B-cell growth fac-
tor II,
phil-CSF)

Interleukin-6 (IL-6;
B-cell-stimulating,
By-stimulating
factor)

Tumor necrosis fac-
tor (TNF, cachec-
tin), a and B

eosino-

Colony-stimulating
factors granulo-
cyte—macrophage

Granulocyte

Macrophage

Most cells, including T and
B lymphocytes, macro-
phages, natural Kkiller
cells, epithelial cells, mes-
angial cells, vascular en-
dothelial cells, astro-
cytes, microglia, and skin
keratinocytes

T-helper cells

Activated T cells

Activated helper T cells

Activated helper T cells

T-helper cells, macro-
phages, vascular endo-
thelial cells, fibroblasts,
bone marrow stromal cells

Macrophages, actived T
cells

T cells, vascular endothelial
cells, fibroblasts, bone
marrow stromal cells

Macrophages, vascular en-
dothelial cells, fibroblasts,
bone marrow stromal cells

Macrophages, vascular en-
dothelial cells, bone mar-
row stromal cells, fibro-
blasts

Activates T cells, endothelial cells, and
macrophages; induces sleep, fever, re-
lease of ACTH, cortisol, and insulin,
synthesis of lymphokines and collagen;
cofactor for hematopoietic growth fac-
tors; mediates inflammation and
acute-phase responses

Stimulates the clonal expansion of T cells
and B cells; induces the synthesis of
other lymphokines; enhances cytolytic
activity of natural killer cells

Stimulates multilineage bone marrow
stem cell and mast cell growth

Stimulates growth of B cells, T cells, thy-
mocytes, and macrophages; stimulates
Ia, IgG,, and IgE; activates macro-
phages

Stimulates B-cell and eosinophil growth;
enhances IgA, IgM, and IL-4-induced
IgE production; enhances IL-2-
mediated killer cell induction

Induces proliferating B cells to differen-
tiate into plasma cells; increases syn-
thesis of hepatic factor 2, interferon,
and hepatocyte acute-phase proteins

Induces sleep, fever, and acute-phase re-
sponse; cytotoxic for some tumor cells;
stimulates synthesis of cytokines and
collagen; activates macrophages and
endothelial cells; mediates inflamma-
tion and septic shock

Stimulates growth of neutrophils, eosin-
ophils, and macrophage colonies in
bone marrow; enhances granulocyte
functions

Stimulates growth of neutrophil colonies

Stimulates growth of macrophage colo-
nies

Continued
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TABLE 2-3 (Continued)

Cytokine Cell production Biological properties

Interferon y (IFN y;  Activated T cells Induction of class I and class II mole-
immune inter- cules; activates macrophages and en-
feron) dothelial cells; synergistic or antago-

nist interaction with other cytokines;
antiviral activity; enhances natural
killer cell activity

Interferon o (IFN @;  Lymphocytes, macrophages ~ Antiviral and antiproliferative activity;

leukocyte inter- increases class I molecules on lympho-

feron) cytes; enhances natural killer cell activity
Interferon B (IFN B;  Fibroblasts, epithelial cells,  Antiviral and antiproliferative activity

fibroblast inter- and macrophages

feron)

Interleukin-1 (IL-1) may be produced by any nucleated cell type in response
to foreign antigen, toxin, injury, or inflammation. It is a general stimulator of the
immune system. It accomplishes this primarily by stimulating the production of
other cytokines such as IL-2, IL-3, IL-4, and interferon (IFN) y. The systemic
effects of IL-1 are similar to those of tumor necrosis factor (TNF), and these
factors may act synergistically to effect such responses as tumor necrosis, hypo-
tension, fever, and inflammation.16.18 Interleukin-2 is produced by T cells and
serves primarily to stimulate IL-2 receptor formation and the proliferation of
activated T-helper cells, cytotoxic/suppressor T cells, and B cells. Interleukin-3,
IL-4, and IL-5 are also produced by activated T cells. Interleukin-3 stimulates
hematopoiesis; IL-4 and IL-5 primarily serve as stimulators of B-cell growth.
Interleukin-6 is produced by a number of cell types including macrophages
and T cells; like IL-3 it serves to stimulate hematopoiesis.16.17

Interferon a and B are primarily induced by viral infection. Interferon a is
produced by lymphocytes, and IFN B is produced by fibroblasts, epithelial cells,
and macrophages. They have potent antiproliferative and antiviral properties.
Interferon vy is produced by activated T cells, induces class I and class II molecule
expression, activates macrophages, exerts antiviral activity, and variously en-
hances or inhibits other cytokine activities.16

Colony-stimulating factors are produced during immune activation by lym-
phocytes. Granulocyte—macrophage colony-stimulating factor is the best charac-
terized, and this cytokine supports growth and differentiation of granulocytes
and monocytes.16.17

The complement (C) system is composed of a large number of plasma and
cell membrane proteins that interact on a sequential basis during complement
activation. There are two pathways of complement activation: (1) The classical
pathway, which usually involves antibody-bound cell-associated antigen or
antigen—antibody complexes, and (2) the alternative pathway, which may be
activated in the absence of antibody, provided a suitable target is present.419
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The classical pathway typically is activated by antibody (IgG,, IgG,, I1gGs, or
IgM)—antigen complexes. The antigen may be free in the plasma or cell-
associated. The classical pathway can also be activated by bacterial lipopoly-
saccharide, retroviruses, and C-reactive protein, which may be bound to Strepto-
coccus pmeumoniae. The first step involves binding of C-1 to two or more Fc regions
of the antibody (or antibodies) bound to antigen. This activates C-1 and begins a
cascade of events that is next highlighted by activation of C-3, the first event
common to both pathways. The alternative pathway is activated by polysac-
charides, yeast cell walls, fungi, bacterial cell wall components, and certain
viruses. This pathway begins with C-3 activation. Once C-3 is activated, the series
of events that follow is common to both pathways. A number of proteins are
involved in sequential enzymatic reactions that result in the formation of by-
products, the most important of which are the membrane attack complex, C-3a
and C-5a. C-3a and C-5a have important immunoregulatory effects. They act as
anaphylatoxins causing mast cells to degranulate. C-5a also acts as a chemotactic
agent for neutrophils. The membrane attack complex that is generated by the full
complement cascade on the cell surface is a cylindrical structure through which
small ions can pass. Once this structure is formed, the cell cannot maintain its
osmotic equilibrium and is disrupted.419

Complement activation may cause severe tissue injury, especially in the
context of autoantibody activation and immune-complex formation. Autoanti-
bodies may arise during infection or with tissue damage. The binding of antibody
to host tissue can cause activation of the complement system and subsequent tissue
damage. Immune-complex deposition in the walls of small vessels may also
activate complement and result in tissue damage.19

During inflammatory processes, increasing numbers of monocytes migrate
into affected tissues and undergo differentiation into macrophages. Macrophages
phagocytize or take up antigen and catabolize it to varying degrees in the
lysosomes of the cytoplasm.20 These processed antigens are degraded or altered
and may be distributed on the cell membrane in association with class I or II
molecules. If the processed antigen is associated with a class I or class II molecule
on the macrophage membrane, T-suppressor/cytotoxic or T-helper cells, respec-
tively, can be signaled to the presence of this antigen and undergo clonal
proliferation.2! Resting tissue macrophages and new infiltrating macrophages
may then be activated through release of cytokines such as IFN vy and granulocyte—
macrophage colony-stimulating factor from T-helper cells. Once activated, mac-
rophages increase their ability to phagocytize particles and to present processed
antigen in association with MHC molecules. They increase certain IgG Fc recep-
tors and thus increase their ability to pick up antibody-coated antigens. They have
increased ability to ingest and kill Mycobacterium, Listeria, Toxoplasma, fungi,
organic particles, and tissue debris and to enhance tumor rejection. The functions
of macrophages in tumor rejection include secretion of products such as
lysozymes, cytolytic proteases, IL-1, prostaglandins, IFNB, and TNF in addition
to their enhanced phagocytic capacities. Activated macrophages migrate more
vigorously. In certain situations, the final stage of macrophage development is the
multinucleated giant cell. The precise function of this cell is unclear, although it
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appears to carry on most, if not all, of the activities of the activated macro-
phage.13.22

T lymphocytes recognize antigen in association with class 1 or class 1I
molecules on the surface of antigen-presenting cells such as macrophages. Cyto-
toxic T cells (CD8+ cells) recognize antigen in the context of class I molecules
and are able to lyse specific target cells such as tumor cells or cells infected with
virus. Helper T cells (CD4+ cells) recognize antigen in the context of class 11
molecules and act as inducers of other T cells, B cells, macrophages, and other cell
types. 410,21

Both CD4+ and CD8* cells express the T-cell receptor (Ti—T3 complex). The
CD4 and CD8 molecules are believed to play a role in binding to class IT and class I
molecules, respectively. The Ti portion of the T-cell receptor appears to form a
binding site for antigen as well as the MHC molecule (i.e., class II or class I
molecules). The T3 component is involved in signal transduction. The T cell is
triggered by the interaction of the MHC molecule and antigen on the surface of
the antigen-presenting cell with the T-cell receptor complex. This results in the
induction of surface IL-2 receptors as well as IL-2 secretion. DNA synthesis and
cell mitosis begin to occur in the particular T-cell clones that have been stimu-
lated.10

T-helper cells, in addition to producing IL-2 and IL-2 receptors, produce a
number of other cytokines whose actions are listed in Table 2-2. There are at least
two sets of T-helper cells: (1) helper effectors for B cells and other immune
components and (2) helper/suppressor inducers, which provide help only for
T-suppressor cells. CD8+ cytotoxic cells are capable of lysing virus-infected cells
and tumor cells. CD8+ suppressor cells appear to inhibit B cell activity.410

B cells are activated by two types of processes. Nonspecific mitogens such as
lipopolysaccharide (mouse) or pokeweed mitogen (humans) can stimulate B cells
indiscriminately (i.e., polyclonal activation). Mitogens are able to cross-link sur-
face immunoglobulin molecules, resulting in induction of B-cell DNA synthesis
and mitosis. B cells will then typically secrete IgM.411

The second mode of B-cell activation involves binding of the antigen by
surface immunoglobulin on the B cell. When activated in this manner, the B cell
can respond to the specific T-cell clones that have also been activated and secrete
cytokines that will promote the proliferation and differentiation of the B-cell
clones (Table 2-3). Ultimately, these B cells become plasma cells that will secrete
antibody of a certain immunoglobulin isotype specific for the antigen. Memory B
cells are long-lived, poised to make the specific antibody quickly on a subsequent
stimulation with the same antigen.411

Immunoglobulins are composed of two heavy chains (v, a, i, 3, or €) and two
light chains (k or A). The Fc fragment is involved in binding of complement or
may be bound by Fc receptors on such cells as macrophages. The Fab fragment is
the portion involved in antigen binding. The immunoglobulin isotypes in man
are IgG (IgG,, IgG,, IgGs, and IgG,), IgA, IgM, IgD, and IgE. Of the immuno-
globulin isotypes, IgG is found in the highest concentrations in serum and
extracellular fluid. IgG is transported across the placenta, and its half-life is
approximately 25 days. IgA is present primarily in mucous secretions but is also
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found in breast milk and serum. IgM is found primarily in the serum, especially
early in the course of infections, and its half-life is only 2—5 days. IgE is thought to
play a role in parasitic infections, asthma, and atopic reactions. Finally, IgD has
primarily been recognized as a surface immunoglobulin on “immature” B lym-
phocytes that have not yet been antigen stimulated.4

Null cells are lymphocytes that do not bear the typical identifying antigens
for T or B cells and comprise about 5-15% of peripheral blood lymphocytes.
These cells have also been called killer cells and include a subpopulation of large
granular lymphocytes including natural killer (NK) cells, which are able to lyse
tumor cells spontaneously and through antibody-dependent cellular cytotoxicity.
They bear Fc receptors and can lyse virus-infected cells. The NK cells are
important in immune surveillance and early cell lysis of virus-infected cells prior
to the induction of significant numbers of T and B cells.4.23

Circulating granulocytes, important in many immune responses, include
neutrophils, eosinophils, and basophils. These cells, when activated, release a
variety of substances including chemotactic factors, kallikreins, and vasoactive
amines. Neutrophils and eosinophils are also phagocytic. Mast cells and platelets
can release vasoactive amines as well .4

3. IMMUNE RESPONSES TO VIRAL INFECTION
3.1. Humoral Interaction

Antibody that attaches to circulating virus particles is effective in preventing
infectivity of the virus if it has neutralizing capabilities. Antibody can neutralize
virus by several methods. It may prevent viral attachment to the cell membrane. It
may prevent penetration of the virus after it has attached to the cell and then may
enhance the ability of the cell to degrade the virus within a pinocytotic vacuole.
Antibody-bound virus may result in complement activation and viral lysis. Virus
that is bound by antibody may also be more easily phagocytosed by macro-
phages.3:2¢ Circulating immune complexes (i.e., virus—antibody complexes) may
be thermally inactivated or deposited into tissues such as the kidney glomerulus,
choroid plexus, or in arteries, resulting in indirect damage to these organs.
Antibodies that arise in response to certain viruses may be complement-fixing,
hemagglutination-inhibiting, and/or precipitating. These properties can be help-
ful diagnostically in identifying the specific virus.3:4

Enveloped viruses express their surface proteins on the cellular membranes
of infected host cells prior to budding from the cell surface. Antibody may bind to
the viral proteins that are expressed on the cell surface. This can result in the
activation of complement and the lysis of the infected cell. If antibody that is
attached to infected cells cross-links with other antibody that is attached to the
same cell, then capping can occur. Capping can result in pinocytosis of the virus
into the cell or extrusion of the viral antigen from the surface of the cell. The
biological importance of this phenomenon is unclear.3.24
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3.2. Cell-Mediated Interaction

Cell-mediated antiviral actions are primarily against virus-infected cells.
After antibody attachment to viral antigens on the host cell surface, antibody-
dependent cellular cytotoxicity can occur via NK cells, macrophages, or poly-
morphonuclear cells. Cytotoxic T cells (CD8+) can lyse a virus-infected cell
without antibody attachment. Cell-mediated antiviral actions also include the
elaboration of cytokines (Table 2-3) that enhance the immune response and, in
the case of IFN, inhibit viral replication.3.24

Activation of the immune system during viral infection can be a double-
edged sword. In some viral infections the immune response is responsible for
more tissue damage than the virus itself. Other viruses are associated with an
increased frequency of autoimmune phenomena, resulting in tissue damage
secondary to an overactive immune system. Viral mimicry of self-antigens,
especially in patients who may have a genetic predisposition that often is related
to MHC class II typing, may be one mode for the development of autoimmune
disease after viral infection.24 In addition, viruses that directly infect immune
cells are associated with immune dysregulation, which can lead to states ranging
from immunodeficiency to autoimmunity.

4. IMMUNE RESPONSES IN THE CENTRAL NERVOUS SYSTEM

Normally the CNS has a relatively small population of immune cells.
Lymphatic drainage within the brain has not been clearly demonstrated, and the
brain has no areas of lymphocyte concentration such as lymph nodes or RE
system as we normally define them. The first line of defense against viral invasion
is the blood—brain barrier, which also keeps the CNS relatively isolated from the
systemic immune system.25

Tight junctions connect CNS capillary endothelial cells, choroid plexus
epithelial cells, and arachnoid cells, and under normal conditions these inhibit the
passage of proteins and cells from the blood into the brain parenchyma and CSF.
These tight junctions are not present between ventricular ependymal cells so that
flow of substances between CSF and the extracellular spaces of the brain occurs
more freely.2

4.1. Immune Cells Normally Present in the Central Nervous System

Animal experiments indicate that small numbers of leukocytes of hematoge-
nous origin are normally present in brain. Primarily, these are monocytes and
lymphocytes, although rare polymorphonuclear cells may be present. Lympho-
cytes and monocytes are able to cross the blood—brain barrier in small numbers,
and these cells can move into the CSF or back into the peripheral circulation.26
Studies suggest that some leukocytes eventually migrate to the cervical lymph
nodes.? In this way, there appears to be a constant circulation of peripheral blood
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mononuclear cells through the CNS and back into the blood or peripheral
lymphatics (i.e., immunologic surveillance).

Supraependymal cells resembling phagocytic macrophages have been de-
scribed in animals.3 However, it remains somewhat controversial whether the CNS
contains resident macrophages and if microglia are those cells. Microglia are
stellate cells in brain parenchyma (Fig. 2-4) that have variously been described as
bone marrow or neuroectodermal in origin. If microglia are related to monocytes/
macrophages, one would expect them to have some surface antigens in common.
Some immunocytochemical studies have not demonstrated shared antigens.2’
Nevertheless, more recent studies have indicated that microglia share a number
of surface markers with macrophages and are most likely bone marrow derived.28
Microglia are ubiquitous in brain but more common in gray matter than in white,
and their turnover is probably slow. They frequently have been found next to
blood vessels. They express Fc and complement receptors, low levels of CD4
antigen, and class I molecules. Studies to date have not documented constitutive
expression of class II molecules on microglia. A number of animal and human
studies have demonstrated class II molecule expression immunocytochemically
during various CNS inflammatory processes, but little if any in normal brain.29-31
Their function during these inflammatory processes is unclear, but if they do

FIGURE 2-4. Microglia stained immunocytochemically with anti-Ia antibody in Sindbis-virus-
infected mouse brain.
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indeed function as resident macrophages in the CNS, then they could play a role
in phagocytosis, antigen presentation to T cells, and possibly elaboration of
cytokines and other monocyte/macrophage factors.

Astrocytes have a similar appearance to microglia (Fig. 2-5) in routine light
microscopic tissue sections, although their nuclei tend to be larger. They are
usually differentiated by the presence of glial fibrillary acidic protein and are
present throughout the gray and white matter. Astrocytic processes often end on
blood vessels, not infrequently encircling the basal membranes surrounding the
endothelial lining of capillaries. There is also a concentration of astrocytes
beneath the pia mater of the meninges and the ependyma of the ventricles.
During inflammatory processes, astrocytes proliferate around lesions (i.e., gliosis)
and can produce IL-1.32 A few animal studies have demonstrated class 11 mole-
cule expression by astrocytes i vivo during inflammatory processes.31.33 Astro-
cytes have been demonstrated in vitro to express class 11 molecules and to present
antigen in a MHC-restricted fashion to T cells, but whether antigen-presenting
capacity is retained ¢n vivo and occurs to any significant degree during inflamma-
tory processes is unknown.3¢ Astrocytes can also express class 1 molecules.

Another candidate for antigen-presenting cells in the CNS is the vascular
endothelial cell.30.31 Endothelial cells have been shown to express class II mole-
cules and to present antigen to T cells in vitro.35 It is unclear whether they present

FIGURE 2-5. Astrocytes stained immunocytochemically with anti-GFAP antibody in Sindbis-
virus-infected mouse brain. Nuclei are lightly counterstained with hematoxylin.
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antigen to T cells in vivo. The results of studies have been conflicting concerning
constitutive class II molecule expression on endothelial cells in the CNS, but in a
few studies endothelial cells expressed class II molecules in vivo during CNS
inflammatory processes. Class 11 molecule expression on endothelial cells may
precede the onset of inflammation in experimental autoimmune encephalomyel-
itis, which suggests that endothelial cells may be important in the initiation of this
autoimmune disease. However, as with astrocytes, a number of studies have failed
to show class II molecule expression in endothelial cells during inflammatory
processes; therefore, the significance of class I molecule expression on endo-
thelial cells and their role in antigen presentation in vivo is unclear. Endothelial
cells express class I molecules and when activated secrete IL-1, platelet-activating
factor (activates platelets, neutrophils, and monocytes and increases vascular
permeability), fibronectin (binds to cellular surfaces and promotes attachment),
and granulocyte—macrophage colony-stimulating factor. Factors such as IL-1 and
TNF can induce molecular adhesion of leukocytes to endothelial cells.36

Dendritic cells have not been demonstrated in the CNS. Dendritic cells
are required for antigen presentation to resting T cells, that is, T cells not
previously exposed to antigen.8 Microglia, astrocytes, or vascular endothelial cells
may possibly assume this role in the CNS, or alternatively, this function may occur
only outside of the CNS. Class II molecule expression on neurons and oligo-
dendroglia has not been demonstrated. However, these cells may express class I
molecules.

4.2. Cerebrospinal Fluid

Proteins, including immunoglobulins, found in the CSF under normal
conditions are derived primarily from the blood. Entry through the blood—brain
barrier is related to the size of the protein and also to its charge. Passage is
inversely related to size; therefore, smaller proteins enter more easily. Proteins
with higher isoelectric points (more positive charge) enter more easily. Both IgG
and IgA are present in about 0.2% to 0.4% of serum concentration, and IgM
concentration is even lower; IgM is relatively excluded on the basis of size, and
more positively charged IgG isotypes are present in relatively higher propor-
tions.3.37

Cells that are found normally in CSF are of hematogenous origin, although
they are not present in the same proportions as in blood. As previously mentioned,
the few cells that are able to enter through the blood—brain barrier under normal
conditions are primarily monocytes and lymphocytes. Plasma cells are not nor-
mally found in the CNS, and polymorphonuclear leukocytes found in the CSF
are considered abnormal.37

4.3. Response to Viral Infection

Once a virus has infected cells in the brain and significant numbers of viral
particles are replicated, then macrophages, T cells, and NK cells may be activated.
Expression of viral proteins on the infected cell surfaces along with class I
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molecules may enable recognition of the viral infection by cytotoxic T cells.
Phagocytosis of viral particles by macrophages and possibly microglia can lead to
turther MHC-restricted signaling of T cells via antigen presentation. This pro-
cess may be contributed to or possibly even initiated by astrocytes or endothelial
cells. The activated macrophages contribute to the release of IL-1 and can also
release a number of other factors and cytokines that can enhance the inflamma-
tory response. The inflammatory response is further enhanced by the cytokines
released by activated T-helper cells.

The blood—brain barrier becomes “leaky,” and increased protein transuda-
tion occurs. The CSF protein in this circumstance is essentially in proportion to
serum protein. Coincident with this protein transudation is the increase in
mononuclear cells entering the perivascular areas of brain parenchyma, menin-
ges, subependymal areas, and CSF. Natural killer cells, neutrophils, macro-
phages, and T cells constitute the initial mononuclear infiltrate, with B cells
arriving relatively late.3.26 In addition to chemotactic factors that are released by
activated inflammatory cells, the entry of cells into the CNS is also facilitated by
activation of endothelial cells and expression of molecules on their cell surface
that make them “sticky” and allow circulating mononuclear cells to adhere to the
vessel wall before entering. In addition, T cells, when activated, also appear to
express adhesion molecules on their cell surfaces.38 B cells are known to home
specifically to certain tissues such as lymph nodes or Peyer’s patches in the walls of
the intestines.39 Whether or not cells specifically home to the CNS is unknown.

Inflammatory responses to viruses within the CNS are immunologically
specific and dependent on sensitized T cells. The proportion of cytotoxic or
helper T cells as well as other types of inflammatory cells entering the CNS varies
with the type of viral infection. In addition, inflammatory cell types that predomi-
nate in the brain parenchyma may not necessarily predominate in the meninges
or CSF. Later, usually after the first week, a significant number of plasma cells are
present within the CNS. Immunoglobulins are synthesized in the CNS and are
found elevated in the CSF as manifest by distorted CSF/serum ratios of immuno-
globulin and the development of oligoclonal bands (i.e., evidence of local clonal
expansion and secretion of immunoglobulin by plasma cells). As a result of local
synthesis of antibody, the concentration of virus-specific antibody increases. IgG
is most commonly elevated, but IgM and IgA can be found as well. Usually the
CSF antibody levels begin to return to normal within a few weeks, but in certain
viral infections antibody may persist for years. Plasma cells have been found to
persist for months in the brain.3.26

Nevertheless, most inflammatory cells leave relatively rapidly after virus
clearance. The blood—brain barrier function usually normalizes within a week or
two, as reflected by the normalization of CSF albumin concentration, CSF
pleocytosis, and the perivascular inflammatory response. Inflammatory cells may
pass back into the circulation or enter the cervical lymph nodes. The pathway to
the cervical lymph nodes has not been elucidated. In chronic viral infections of
the CNS, inflammatory cells may persist in the brain parenchyma and CSF, and
levels of immunoglobulin may remain elevated. Levels of specific IgG in the CSF
may become higher than those in serum and can persist for the duration of the
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encephalitis. CD8* T cells can remain chronically elevated in the CSF during
human immunodeficiency virus (HIV) infection, cytomegalovirus encephalitis,
and subacute sclerosing panencephalitis.3.26

4.4. Viral Clearance

Virus is normally cleared within the first 1 to 2 weeks by the mechanisms
described above. Alternatively, infection may resolve because of the virus’ limited
capability of replication in the CNS or other nonspecific factors. The failure to
clear virus, on the other hand, can result from a number of factors.3

Immunodeficiency states, whether they are genetic, iatrogenic such as cancer
chemotherapy, related to cancer, or secondary to infections such as HIV, can lead
to unusual and persistent viral infections. The normal immune mechanisms
necessary for viral clearance are not available under these conditions. Viruses that
normally would not invade the CNS may produce opportunistic infections in
these individuals and are often persistent.40

There are viruses such as herpesviruses and HIV that are capable of
escaping immune detection for a period of time in ganglion cells and immune
cells, respectively. During these periods no viral antigen is presented to the
immune system. Visna virus and probably HIV persist in part through a propen-
sity to generate mutants that are not neutralized by previously formed antibodies
to the original infecting strain.4! Some viruses go undetected via spread from cell
to cell by bridging cytoplasmic membranes. In this way, they are never exposed to
immune surveillance. Finally, the immune system can be tolerized to antigens and
will then fail to recognize viral polypeptides as foreign.?

5. SINDBIS VIRUS AS A MODEL OF ENCEPHALITIS

The inflammatory reaction in the CNS to Sindbis virus (S§V) has been studied
extensively as a model for acute viral encephalomyelitis. Sindbis virus is an
alphavirus related to Western equine encephalitis virus. When injected intra-
cerebrally into weanling mice, SV causes an acute nonfatal encephalitis.26.43

Viral antigen of a neuroadapted SV is found in ependymal cells as early as
one day after inoculation. Subependymal areas are affected by day 2. Subse-
quently, further spread into the brain parenchyma occurs with involvement of
neurons and, to a lesser extent, glial cells. Virus is present primarily in gray matter
areas by days 3 through 5, including the cerebral cortex, subcortical nuclei,
brainstem nuclei, cerebellar cortex, deep cerebellar nuclei, and spinal cord gray
matter, especially the ventral horns. Virus content in brain is maximal by day 2,
and infectious virus can no longer be recovered after 7 to 8 days (Fig. 2-6). Small
amounts of virus are found transiently in blood after intracerebral inoculation.43

Coincident with viral replication, blood—brain barrier changes are evident
2 to 3 days after inoculation.26 These are reflected by increased protein in the CSF
by day 2 and the development of CSF pleocytosis and perivascular inflammatory
infiltrates (Fig. 2-7) by day 3. Mononuclear cells also appear in the meninges and
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FIGURE 2-6. Sindbis virus titers in brain and serum as measured over the course of the
encephalitis in mice.

brain parenchyma by day 3.44 Class II molecule expression on perivascular
mononuclear cells can be detected as early as day 2, which is coincident with the
development of a specific T-cell response to SV.4¢ Class II molecule expression
steadily increases, and by day 7 40% of the perivascular inflammatory cells are
class II positive. Class II molecule expression in the spleen and in peripheral
blood mononuclear cells also increases by day 8. Microglia (Fig. 2-4) that are class
II positive are found near blood vessels and in brain parenchyma as early as day 3
and are numerous by day 7. Astrocytes do not express Ia during SV encephalitis;
however, rare perivascular fusiform cells, probably endothelial cells or pericytes,
are found to be class II positive after day 3. Macrophages and microglia are the
predominant class-II-positive cell types found during SV encephalitis and may
therefore be the most important population of cells responsible for antigen
presentation to T-helper cells.

Further immunocytochemical analysis of mononuclear cell types in the CSF
and perivascular inflammatory cuffs is depicted in Fig. 2-7. In the CSF T-helper
and -suppressor cells can be found by day 2. A very small percentage of B cells and
macrophages are found, and a large percentage of CSF cells are unidentified by
immunocytochemical analysis with markers for T-helper cells, T-suppressor cells,
macrophages, or B cells. Natural killer cell activity has been shown to be high
during this time, and it is presumed that some of the unidentified CSF cells are
NK cells.#> The percentage of T-helper and -suppressor cells increases in the CSF
during the 2 weeks after inoculation of SV. Early on, a majority of the perivas-
cular inflammatory cells are unstained by markers for the cell types mentioned
above. Again, some of these are presumed to be NK cells. However, macrophages
and T-helper cells each represent approximately 20% of the cells initially detected
in the inflammatory response of the encephalitis, and they increase over the 14-
day period of encephalitis that has been examined. T-suppressor/cytotoxic cells
remain a relatively small percentage (5-10%) of perivascular inflammatory cells,
and B cells are initially found in small numbers but constitute about 20% of the
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Inflammatory Cells in Alphavirus Meningoencephalitis
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FIGURE 2-7. The percentages of various types of mononuclear cells in CSF and perivascular
inflammatory cuffs during Sindbis virus encephalitis in mice. Tyy; (T-helper/inducer), T¢s (T-
cytoxic/suppressor), MO (macrophages/monocytes), and B cells were stained immunocyto-
chemically.

perivascular infiltrate by day 10. The discrepancy between the number of T-sup-
pressor cells, macrophages and B cells in the CSF versus brain parenchyma is
unclear.44

The neuroadapted form of SV causes a fatal encephalitis in weanling mice
when inoculated intracerebrally. Treatment of these mice with immune serum
(i.e., antibody) protects a high percentage from fatal infection and reduces
neuroadapted SV titers in the brain.#6 In addition, monoclonal antibody to
neuroadapted SV, when given to mice soon after virus inoculation, will protect
them from fatal encephalitis.#’ Neutralizing antibody of IgM and IgG isotypes
to SV (the nonneuroadapted strain) can be detected in serum as early as day 4.
However, in neuroadapted SV infection, protection does not seem to correlate
with virus-neutralizing ability of the antibody. To further characterize antibody
production during SV encephalitis IgM, IgG,, IgGy,, 1gGyy,, 1gGs, and IgA
isotopes were measured in CSF and serum. All isotypes begin to be elevated by
day 4 and are maximum by days 8 through 15. SV-specific IgG can be detected in
serum on day 8 and in CSF on day 15.48 The above antibody isotypes were



36 W. R. TYOR and R. T. JOHNSON

examined immunocytochemically for their presence on perivascular B cells as
well as IgD, which is found on relatively “immature” B cells (not yet antigen
stimulated).49 Early (days 3 through 5) B cells express IgM or both IgM and IgD;
later (days 10 through 14), most B cells express one of the IgG isotypes of IgA.

The pattern of isotype expression in brain is reflected in spleen and blood
mononuclear cells. Isotype switching of B cells from IgM and IgM/IgD cells to
IgG and IgA cells probably occurs primarily outside of the CNS, in the spleen,
but may also occur in the brain. Of the immunoglobulin isotypes expressed on B
cells, IgGy,-positive B cells increase the most relative to the other immunoglobu-
lin isotypes found on B cells during the encephalitis. However, IgGs, is relatively
underrepresented in CSF. This may be because of local consumption of IgG, in
the perivascular areas, thereby limiting its concentration in CSF. Although SV-
specific IgGy, immunoglobulin has not been studied in SV encephalitis, it has
been shown to be an important murine isotype in a number of systemic viral
infections of mice, including SV infection. Another finding of interest is the
relatively increased percentage of IgA-positive B cells in perivascular cuffs and
IgA concentration in CSF versus the blood. The reason for this preponderance of
IgA in the CNS during SV encephalitis is unknown.49

Sindbis virus encephalitis in T-cell-deficient nude mice has also been exam-
ined. Although these mice are deficient in immunocompetent T cells, they clear
virus and recover normally from SV encephalitis.50 Transudation of protein from
serum to CSF is lower in nude than in normal mice during the encephalitis, and
perivascular inflammatory cells are about one-tenth as numerous. Although class
II'molecules are expressed on the same types of cells in nude mice, the percentage
of cells expressing class II in perivascular inflammatory cuffs is approximately
one-third that in normal mice. B-cell isotype switching is known to be impaired in
nude mice. They respond to infection with normal IgM production but low levels
of IgG and IgA. This is reflected in the brain during SV encephalitis. The switch
from predominantly IgM- and IgM/IgD-positive perivascular B cells to IgG- and
IgA-positive B cells occurs several days later in nude mice as compared with
normal mice. The studies outlined above have suggested a less important role
for T cells in SV encephalitis. This is further supported by data in which
neuroadapted SV-infected mice are not protected by sensitized lymph node cells,
in contrast to the protection afforded by immune serum.46

In summary, SV, when injected intracerebrally into mice, replicates primarily
in ependymal cells and neurons, with viral titers peaking by day 2 and virus being
cleared from brain by days 7-8. Class II molecule expression on perivascular
mononuclear cells is coincident with protein transudation into CSF by day 2. By
day 3 SV-specific T cells appear in perivascular cuffs along with macrophages
and a few B cells. Over the course of 2 weeks the cell types increase, with T-helper
cells and macrophages predominating. However, in CSF, macrophages and B cells
are for the most part excluded, although CSF antibody is readily found. Several
studies suggest that T cells are less important than the production of antibody by
B cells with respect to the immunologic reaction to SV encephalitis. In addition,
early on in infection, NK cells and lymphokines such as IFN vy probably play a
role in viral clearance.
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6. SUMMARY

Different viruses evoke different types of immune response. As in SV
encephalitis in mice, B cells may comprise a relatively important population of
immune cells. On the other hand, in other viral infections T cells may be
primarily important in viral clearance, and within the general T-cell population,
T-suppressor/cytotoxic cells may predominate over T-helper cells. Also CNS
pathology and the clinical condition of the organism may be caused by the
immunologic reaction to the virus more than by the effects of the virus itself.
There is a continuum of immune reaction to viral disease ranging from mild
immune reaction to severe reaction, where relative amounts of CNS pathology are
caused either by virus destruction or by immune-associated destruction. Within
this continuum there are varying contributions to this process by different
components of the immune system (i.e., cellular versus humoral versus other
factors such as cytokines). At the other end of the continuum are the CNS
parainfectious and autoimmune diseases in which the immune system, once
triggered, is completely responsible for the pathogenesis of disease. In all of these
situations there is a complex interaction of the immune system with the CNS and
the virus. The interaction is affected by intrinsic properties of the virus, the
intactness of the immune system, and the genetic makeup particular to each
individual.
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Virus Infection of
Peripheral Nerve

MICHAEL C. GRAVES and HARRY V. VINTERS

1. INTRODUCTION

This chapter reviews the peripheral nerve diseases associated with herpes simplex
virus (HSV), varicella—zoster virus (VZV), hepatitis B virus, human cytomegalo-
virus (HCMV), Epstein—Barr virus (EBV), and human immunodeficiency virus
(HIV). In contrast to the many viral infections of brain and spinal cord,!
peripheral nerve has not been generally recognized as a target tissue for viruses.
Acute inflammatory demyelinating polyneuropathy (AIDP), like the analogous
central nervous system (CNS) disease, postinfectious encephalomyelitis, is an
autoimmune disease.!-2 Both may follow a systemic viral infection, but the mecha-
nism for the autosensitization is unknown. The mechanism is better understood
in hepatitis B virus neuropathy, where circulating immune complexes have been
detected.3 Probably a wide variety of mechanisms are responsible for the periph-
eral nerve disorders that are associated with viral infection.

The latent infections of the sensory ganglia by HSV and VZV have long been
recognized in humans, although largely as a cause of dermatologic disease. When
these viruses reactivate from their latent state in neurons, they migrate down the
axon or dendrite, produce skin lesions, and occasionally cause a motor or sensory
neuropathy.l4 Modern awareness that other viruses may infect the peripheral
nerve began with the study of animal model systems.
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Marek’s disease virus (MDV) is a herpesvirus that causes an inflammatory
neuropathy in chickens very similar to that of AIDP in humans. These chickens
have an autoimmune response to peripheral nerves, but in addition the Schwann
cells harbor latent virus.5 The latter observation prompted the hypothesis that a
human herpesvirus such as EBV or CMV might establish latency in the Schwann
cell and that reactivation provides the sensitization to nerves.6 In another experi-
mental system, it was established that CMV can infect the Schwann cell and can
cause a latent infection in peripheral nerve of the mouse.”

The most promising clinical setting for the study of virus and peripheral
nerve disease today is in patients with HIV infection, including those with
acquired immunodeficiency syndrome (AIDS). The many types of peripheral
nerve involvement in these patients are currently in the stage of clinical descrip-
tion and classification, and there is little information about pathogenesis. Possible
causes include nerve infection by HIV or other opportunistic viruses, a distur-
bance in the immune system with resultant autoimmunity, or a depletion of tropic
growth factors needed for maintenance of nerves.8-14

2. VIRUS INFECTION OF NEURONS: HERPESVIRUS LATENCY AND
REACTIVATION IN SENSORY GANGLIA

Herpes simplex virus types 1 and 2 and VZV all form latent infections in
sensory ganglia of man, and reactivation is characterized by lesions in skin or
mucous membranes in the distribution of the sensory nerve root involved.1 With
all three of these viruses, patients may feel numbness and pain in a nerve
distribution prior to or during the eruption, but in most cases no lasting neuro-
logical impairment ensues. The encephalitis frequently caused by HSV 1 is not
generally accompanied by a recurrence of oral ulcerations. Likewise, peripheral
neuropathy almost never accompanies the recurrences of oral ulcerations of HSV
1.14 However, neuropathy may complicate both the genital recurrences of HSV 2
and the dermatomal reactivation of VZV (shingles). Both HSV 1 and 2 may
reactivate multiple times during a patient’s lifetime, whereas shingles usually does
not recur.l4

2.1. Herpes Simplex Virus Type 1

By age 15 years, the incidence of HSV 1 seropositivity is 90%. The high
incidence of HSV 1 latency in trigeminal ganglia was first demonstrated by
neurosurgeons who noted herpes labialis in 90% of patients treated for trigemi-
nal neuralgia with preganglionic sectioning of the trigeminal nerve. The virus
can be recovered from human trigeminal ganglia removed at autopsy and grown
in explant culture.!4 The detection of HSV immediate-early gene product
antisense RNA in ganglia from seropositive but not seronegative cases at autopsy
suggests that virtually all individuals who have been infected by this virus have a
latent infection of the trigeminal ganglia.15
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Approximately 25% of people have episodic bouts of oral ulcerations caused
by HSV 1reactivation. As mentioned above, these are almost never complicated by
numbness or other neurological impairment. The syndrome of trigeminal neu-
ralgia consists of severe bouts of stabbing pain in the face. The pain is often
triggered by sensory stimulation of the face or mouth. There is little direct
evidence to implicate HSV 1 as the cause of this syndrome, since both cases and
controls have the same high incidence of viral latency in the trigeminal nerve.l:4
The possibility that the painful syndrome results from an abnormal reaction to a
ubiquitous virus remains. Finally, a few rare causes of peripheral nerve disease
with HSV 1 have been reported, including radiculoneuropathy with isolation of
HSV 1 from cerebrospinal fluid (CSF)!6 and an occasional AIDP following an
HSV linfection.!? Clinicians are aware that a herpetic eruption may be secondary
to a structural lesion compressing the preganglionic segment of the trigeminal
nerve, and these lesions should be sought before a cranial nerve palsy is attributed
to HSV 1 infection.

2.2. Herpes Simplex Virus Type 2

Herpes simplex virus type 2 is the cause of recurrent bouts of genital
ulcerations and is generally spread by sexual contact. The episodes of recurrence
may be accompanied by pain and subjective tingling in the affected regions and
by generalized malaise. A few patients suffer from definite neurological symp-
toms, which are accompanied by the local ulcerations. Although HSV 2 is a major
cause of neonatal encephalitis, the virus causes meningitis, myelitis, and lumbo-
sacral polyradiculoneuritis in adults.18-23

The HSV 2 is the established cause of a number of related syndromes, all of
lumbosacral root distribution, and all tend to occur at times of either initial or
recurrent genital ulcerations. This is in contrast to HSV 1 infections, where
ulcerations may be misleading in diagnosis as they do not correlate with CNS
infections.

Acute urinary retention may occur with an HSV 2 recurrence.!® The patient
may have some numbness in the sacral region. The ulcerations may precede or
accompany the onset of retention and may be occult, occurring inside of the
bladder, urethra, or vagina.19.20

The second neuropathic syndrome of HSV 2 is retention plus definite
neurological findings: weakness, numbness, and arreflexia of the legs and impo-
tence in males. The HSV 2 also causes aseptic meningitis and ascending myeli-
tis.2L22 A syndrome of sciatic pain without retention was seen in two married
couples with genital herpes was termed conjugal sciatica. These patients did not
have urinary retention or impotence.23

Most patients with genital herpes do not have these neurological complica-
tions. Retention or retention plus neuropathy was reported in 17 of 486 cases
(8.5%) of anogenital herpes in a clinic for sexually transmitted diseases in
England.!8 The diagnosis of neurological HSV infection is made in patients with
urinary retention and lumbosacral neurological findings who also have genital
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herpes. The ulcerations may be occult and may require gynecological and urologi-
cal examination for detection in the vagina or bladder. The condition is easily
distinguished from AIDP because of the early involvement of the bladder and the
presence of genital ulcerations. A myelogram, computerized tomography scan, or
magnetic resonance imaging of the lumbosacral spine may be needed to rule out
acute cauda equina compressive lesions in some cases, and CSF examination may
be helpful. In HSV 2 meningitis there is always a pleocytosis averaging 200 cells, a
protein concentration of up to 100 mg%, and usually a normal glucose. In HSV 2
lumbosacral neuropathy the CSF may be normal but usually shows a mild pleo-
cytosis.

Although HSV 2 has been recovered by cultivation with susceptible cells of
human lumbosacral ganglia from autopsy of unselected cases, pathological
studies of the acute neuropathy are not available. Because of the rarity of the
condition, and since the patients survive, it is unlikely that such material will be
examined. However, animal models for HSV 2 genital infections and viral latency
in lumbosacral ganglia have provided useful information that would be difficult
to obtain from patient studies.2425 Martin and Suzuki reported that HSV 2
became latent in mouse lumbosacral ganglia after genital infection.25 These
ganglia and associated nerves had no detectable viral antigen, and virus could not
be cultured from homogenates. Itis thus remarkable that nerve inflammation was
seen during latent infection in the absence of viral antigen. Possibly this inflam-
mation lingers from a previous subclinical reactivation. Alternatively, it may be a
clue that an immune response to a nonviral antigen is important in the neuropa-
thy, analogous to that of MDV of chickens (Section 3).

2.3. Varicella—Zoster Virus

Children with chickenpox, the primary VZV infection, have virus-induced
vesicles disseminated randomly over trunk, face, and limbs. With healing, the
virus moves from the cutaneous lesions to the sensory nerves and, by axonal
transport, to sensory ganglia, where it persists in a latent state throughout life.14

In the adult, herpes zoster or shingles is the result of reactivation of VZV in
ganglia with transport down axons to the skin. There the virus causes a der-
matomally localized eruption. The episodes are usually quite painful. Posther-
petic neuralgia, the chronic persistence of pain, is a major clinical problem and a
challenge to the development of effective therapy. From 2% to 16.5% of patients
have residual pain 1 year after the healing of the vesicles, and this is more frequent
in the elderly.26

Following recovery from zoster, areas of numbness in the distribution of the
lesions are common and probably reflect damage to some sensory neurons during
the inflammation. Up to 38% of patients have CSF pleocytosis, and the few
histopathological studies of ganglia in this condition show inflammation, hemor-
rhages, and cell necrosis with extension of inflammation both into the spinal cord
or brainstem and down into the distal nerve segment.! Although it is somewhat
controversial, treatment of patients with either antiviral agents or steroids ap-
pears to lower the incidence of subsequent postherpetic neuralgia.26 This sug-
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gests that both viral and inflammatory factors contribute to the pathology. A
significant number of patients have postherpetic motor deficits in the distribution
of the affected nerve.l# Zoster in the distribution of the geniculate ganglion may
result in vesicles and pain in the external auditory meatus, loss of taste over the
anterior two-thirds of the tongue, and a facial palsy, the Ramsey—Hunt syndrome.
Ophthalmic zoster may produce ocular motor palsies, ptosis, and dilation of the
pupil. Otitic zoster may be complicated by hearing loss, facial palsy, and vertigo,
implicating involvement of multiple cranial nerves and also probably the brain-
stem. Zoster of the cervical dermatomes may result in brachial motor neuropa-
thies or unilateral diaphragmatic paralysis. Intercostal muscle denervation may
follow thoracic zoster. Intestinal hypomotility and ileus have been reported in
abdominal cases. Lumbar involvement may result in a persistent foot drop. Sacral
zoster may leave the patient with residual urinary retention or incontinence.

3. OTHER HERPESVIRUSES ASSOCIATED WITH NEUROPATHY:
MAREK'’S DISEASE VIRUS, CYTOMEGALOVIRUS, AND
EPSTEIN-BARR VIRUS

All three of these herpesviruses are definitely associated with peripheral
neuropathy, but so far no direct causal relationship has been proven. The
pathogenesis of the neuropathies associated with these three viruses is not
completely understood but may involve infection of the Schwann cell and induc-
tion of immunity. The MDV induces an inflammatory neuropathy in chickens.
The histopathology closely resembles human AIDP with demyelination and
inflammation, and from this point of view it is the best animal model for AIDP
of humans. There are two important observations in this disease. First, virus has
been observed in explanted ganglia and is found earliest in nonmyelinating
Schwann cells.> Secondly, an immune response to peripheral nerve can be
demonstrated.5 Stevens and Pepose and their co-workers proposed that human
viruses similar to avian MDV might be responsible for AIDP by a similar
mechanism, involving infection of the Schwann cell and subsequent induction
of immunity.5:6

If a virus is involved in the pathogenesis of human AIDP, it is likely to be a
mammalian virus analogous to MDV of chickens. Therefore, it is interesting to
point out several biological similarities shared by MDV and the two human
viruses, HCMV and EBV. All three are herpesviruses. In contrast to the HSV and
VZV, these viruses do not infect neurons. Rather, the experimental evidence
suggests Schwann cell infection under certain circumstances.” All three establish
latency in lymphoid tissues and are associated with lymphoproliferative disorders.
Since all three are latent, there usually is no infectious virus being shed for host-
to-host spread of disease. In modern times CMV and EBV are transferred by
blood transfusion or organ transplantation. Natural host-to-host spread is also
analogous for the three: they replicate productively during the early acute stage
of infection in epithelial surfaces, MDV in feather epithelium, EBV in naso-
pharynx, and CMV in salivary gland and urogenital excretions.27
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Studies from my laboratory demonstrated that mouse (M) CMV grew pro-
ductively in cultured Schwann cells but produced a latent infection in intact sciatic
nerve in vivo.” Previously, Davis et al. reported MCMV replication in fibroblasts,
Schwann cells, and neurons of trigeminal ganglion explants taken from mice
surviving neonatal intracerebral MCMYV inoculation.28 Similarly, studies of in
vitro infection of mouse dorsal root ganglion cultures showed neurons, neuroglia,
and Schwann cells to be infected. Neurons were least susceptible to viral infec-
tion.28-30 Thus, MCMYV can infect the Schwann cell in experimentally infected
mice. Plotkin and co-workers isolated HCMV from two of 20 human thoracic
ganglion explants in an unsuccessful attempt to isolate VZV.3! This suggests that
latent MCMV may be present in nerve tissue of asymptomatic individuals. More
direct observation has been made in the inflammatory neuropathies that occur in
some AIDS patients. In some patients with these conditions, CMV inclusions have
been found in Schwann cells!’-14.32 and microvascular endothelium (Fig. 3-1).33

All of these findings indicate that the Schwann cell can be infected by CMV.
The state of viral expression, latent or replicating, depends on two factors: The
state of cellular differentiation of the infected cell and the immune status of the
host. Schwann cells in monolayer culture or in explanted ganglia lose their

FIGURE 3-1. Section of epimysial vessel from an AIDS patient with widespread CMV infection
of the CNS, peripheral nerve, and muscle. Note characteristic endothelial localization of
cytomegalic cells (arrowheads), whereas endothelial cells along opposite side of lumen appear
unremarkable. There is negligible inflammation in the surrounding tissues. (Hematoxylin and
eosin; X371)
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association with myelin and begin to replicate. These small spindle-shaped cells
are permissive for CMV in vitro. In contrast, the myelin-producing differentiated
Schwann cell is found in intact nerve, and our data show that intact nerve can
harbor latent infection. In similar studies, permissive infection in nonmyelinating
and latent infection in myelinating Schwann cells were reported in MD V-infected
chickens.5 Similarly, latently infected B cells and macrophages reactivate MCMV
when they are stimulated.2526 The reverse observation was made in MCMV
infection of mouse teratoma cells. Latent infection was found in undifferentiated
cells, and productive infection in differentiated cells.3435 These examples show
that the state of differentiation of a cell determines whether CMV infection is
latent or productive. The escape from the immune system is another factor
favoring reactivation of virus in vitro. Inmune suppression in vivo is capable of
reactivating CMV in experimentally infected mice, in the clinical context of
transplantation, or in patients with AIDS.

Primary virus infection or reactivation of a latent virus in the myelin-
producing cell might be the mechanism of initiation of immune-mediated de-
myelination in some patients with AIDP. Experimental MCMV pneumonitis is
particularly relevant in this regard, since immune mechanisms are required for
development of the pulmonary lesion. This proves that immune-mediated pathol-
ogy can occur in MCMYV infection.36 It is therefore possible that CMV initiates an
immune-mediated disorder of nerves as well.

A variety of neurological complications, including peripheral neuropathies,
occur in patients with primary infections with EBV and with HCMV.374¢ Dow-
ling and Cook reported serological evidence for HCMV infection in 33 of 220
AIDP patients and for EBV infection in eight of another series of 100 AIDP
patients.4142 In patients with AIDS, HCMV infection of the nervous system is
very common,!443 and these patients commonly have peripheral nerve dis-
orders,%-14 which may result from direct viral involvement or from immune
factors. In AIDP, paralysis commonly follows exposure to any of a long list of
stressful antecedent events such as fever, viral infection, trauma, or immuniza-
tion.5 How these stressful events might activate an immune response to peripheral
nerve is not known, but reactivation of a latent virus is one possibility.6

4. HEPATITIS B VIRUS

The metabolic effects of hepatic dysfunction may cause some mild slowing of
nerve conduction velocity measurements, and a small proportion of all liver
disease patients have a mild clinical neuropathy.4445 However, a more pronounced
neuropathy caused by segmental demyelination has been reported in patients
with infectious hepatitis. Patients with chronic forms of hepatitis B may have a
serum sickness syndrome with a rash, arthritis, glomerulonephritis, and neuropa-
thy.46 However, in some patients neuropathy is the most significant presenting
symptom, although abnormal liver function tests and hepatitis B antigen and
antibody(ies) in serum may be found in the course of evaluation of the neuropa-
thy. These patients have a mononeuritis multiplex secondary to small vessel
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vasculitis. Involvement of multiple nerve twigs may coalesce to give the clinical
appearance of a motor and sensory polyneuropathy with symmetrical or slightly
asymmetric involvement of arms and legs. The onset may be acute or subacute, so
that these patients clinically resemble either AIDP or chronic inflammatory
demyelinating polyneuropathy (CIDP). Nerve biopsy has demonstrated inflam-
mation of small vessels and a necrotizing vasculitis and periarteritis with segmen-
tal demyelination.3:46:47 The diagnosis is made by positive hepatitis B serology in
these patients.

All patients with otherwise unexplained neuropathy should have hepatitis B
antigen and antibody tests. Cryoglobulins, consisting of antigen—antibody—
complement complexes that precipitate in the cold, are demonstrable in the sera
of many of these patients. These circulating immune complexes have been found
in the small vessels of peripheral nerve and are probably responsible for the
inflammation and demyelination.346.47 The neuropathy may respond to treat-
ment with corticosteroids and plasmapheresis. The ultimate outcome is depen-
dent on the severity of the liver disease and the success of its management. Some
success has been reported in treatment with interferon and adenine arabinoside
5'-monophosphate. Prolonged treatment with the latter drug may cause a painful
distal sensory neuropathy.

5. HUMAN IMMUNODEFICIENCY VIRUS AND PERIPHERAL
NEUROMUSCULAR SYNDROMES

Clinically apparent neurological complications are very common in patients
with AIDS and related conditions (e.g., AIDS-related complex), and structural
abnormalities of the nervous system discovered at autopsy are even more com-
mon.48 It is likely that this virus invades the CNS soon after the primary human
immunodeficiency virus (HIV) infection, long before the development of AIDS.
Overall, neurological complications occur in approximately 70—80% of such
patients, and at autopsy neuropathological lesions may be seen in almost 100% of
patients.8:48 The peripheral neuromuscular manifestations of HIV infection have
been less well studied than those of the CNS, but it has been estimated that they
affect 15% to 20% of infected individuals.10-14

A variety of neuropathies and other neuromuscular complications have been
described in HIV infection!0-14 (Table 3-1), and it is likely that several different
etiologies will be established by future investigations. Early in the course of
infection, autoimmune mechanisms are probably important. Later, the direct or
indirect effects of HIV itself or of other viruses such as HCMV, HSV 1, and
HSV 2 may predominate.

5.1. Inflammatory Neuropathies that Usually Occur Early in the Course of
Infection

The number and types of neuropathies seen in patients with HIV are at first
bewildering, but it is reassuring that the majority of cases fit into one of two major
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TABLE 3-1
Recognized Syndromes of the Peripheral Neuromuscular
Manifestations of HIV Infection®

Inflammatory polyneuropathies, usually early
Acute inflammatory demyelinating polyneuropathy (AIDP, Guillain—Barré syndrome)
Chronic inflammatory demyelinating polyneuropathy (CIDP)
Mononeuritis multiplex
Large-fiber ataxic neuropathy (sensory ganglioneuronitis)
Axonal neuropaties, usually late
Distal axonopathy
Small-fiber distal sensory type
Distal symmetrical polyneuropathy (DSPN)
Progressive inflammatory polyradiculoneuropathy of legs with sphincter involvement (cauda
equina syndrome)

aSources in references 10—14.

diagnostic groups: one type that usually occurs early and a second that occurs
later in the course of HIV infection. Early in the course of HIV infection, a
mononucleosis-like syndrome may be observed, HIV may be cultured from blood
and CSF, and weeks to months later HIV antibody becomes detectable in the
serum. The clinician is unlikely to be aware of these early events, but the types of
neuropathies listed in Table 3-1 begin to occur at the time of seroconversion. This
highlights the importance of obtaining HIV serology in all patients with neurop-
athies.

These neuropathies also occur in the general population and are thought to
have an autoimmune etiology. The onset is either acute over hours to days or
subacute over weeks to months. The chronic form may have relapses and remis-
sions. The patient experiences motor weakness of arms and legs (both proximal
and distal) and some numbness and sensory loss. Electrodiagnostic testing shows
slow nerve conduction velocities or conduction block, indicating that they are
demyelinating neuropathies. Cornblath et al. reported that about 8% of a popula-
tion of patients with inflammatory demyelinating polyneuropathies were HIV
positive.?® The HIV-seropositive group is distinguished by an overrepresentation
of males and a CSF pleocytosis with a mean of 23 cells/mm3. The seronegative
patients classically have no cells in their CSE. Otherwise the HIV-infected patients
clinically resemble the seronegative patients with neuropathies. These HIV-
infected patients have a good prognosis if treated with either corticosteroids or
plasmapheresis. The patients may survive up to several years before opportunistic
infections, neoplasms, and other hallmarks of AIDS supervene.®

Mononeuritis and mononeuritis multiplex also occur early with seroconver-
sion and may involve a segmental dermatome or any cranial or peripheral nerve.
The single neuropathy may spontaneously improve or may herald the onset of
widespread involvement leading to the appearance of a polyneuropathy. There is
morphological evidence of inflammation around small blood vessels, and nerve
infarcts may be present. Circulating immune complexes are the likely cause of the



50 M. C. GRAVES and H. V. VINTERS

vasculitis, similar to the pathogenetic mechanism in hepatitis B. Widespread
necrotizing vasculitis of the cauda equina and spinal cord has also been described
in an individual with AIDS-related complex (ARC).49

The large-fiber sensory neuropathy or sensory ganglioneuronitis is a very
rare disorder that has been reported in a patient with HIV infection.!! A number
of cases in the tropics have been associated with HTIV-1 infection, and the
condition may occur with no identifiable viral cause. The patients have ataxia with
loss of position sense. Pathological findings included inflammation of the dorsal
root ganglia and sensory roots with proliferation of ganglionic satellite cells,
changes consistent with ganglioneuronitis.5¢ The case reported by Dalakas and
Pezeshkpour!! did not improve with plasmapheresis and steroid medications.

The etiologies of the acute and chronic inflammatory neuropathies are
thought to be autoimmune. Just as in the HIV-seronegative patients with the same
diseases, the nature of the immunizing event and the relevant antigens are still
unknown. Sural nerve biopsies have shown inflammatory cells around blood
vessels and to some extent in the perineurium, similar to changes observed in
seronegative cases. This type of inflammation is rare, however, in seronegative
chronic inflammatory polyneuropathies. In a few reported cases, HIV has been
isolated from nerve, but it is not known if the virus came from blood cells in the
nerve, because most patients have viremia at the time of biopsy. So far, in situ
hybridization studies of peripheral nerve using HIV genome probes have been
negative: HIV-like particles have been demonstrated by electron microscopy in
the nerve of one patient with AIDS-related neuropathy.5! Studies with probes to
other viruses such as HCMV and EBV are needed. In a case reported by Dalakas
and Pezeshkpour,!! HCMV inclusions were seen in the Schwann cells of periph-
eral nerve of an HIV-seropositive AIDP patient, and we have frequently found
characteristic CMV inclusions in and around the nerves of AIDS patients with
neuropathy (Fig. 3-2).

5.2. Axonal Neuropathies that Usually Occur Late in the Course of HIV
Infection

After the diagnosis of AIDS is made, patients may develop numbness and
burning pain in the feet, followed by distal leg weakness. Hand numbness begins
only when leg numbness and weakness have progressed to the level of the knee.
The electrodiagnostic features of this neuropathy are low amplitudes or loss of
distal sensory nerve action potentials, findings of acute and chronic denervation
on needle electromyography of distal lower extremity muscles, and relative
preservation of nerve conduction velocities, especially of more proximal nerves.
This neuropathy accounts for about 70% of the cases of peripheral neuropathy in
AIDS and is probably underdiagnosed in the more advanced patients with other
more pressing medical problems.10-13

The pattern of distal and symmetrical involvement is typical of toxic or
metabolic neuropathies, where the most distal segments of the longest axons
suffer the earliest damage, presumably related to deranged axoplasmic flow
mechanisms. Two types of distal axonopathies have been reported in HIV
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FIGURE 3-2. A section of peripheral nerve from the same patient as illustrated in Fig. 3-1 shows
an isolated cytomegalic inclusion (with nuclear and cytoplasmic component, arrow) in the
epineurium. Moderately severe chronic inflammation, including plasma cell infiltrate, is seen
around the inclusion. (Hematoxylin and eosin; X371)

infection: sensory and sensorimotor. In the small-fiber distal sensory neuropathy,
burning dysesthesias of the feet are the major symptom. The syndrome may
coexist with the AIDS—dementia complex and tends not to respond to treatment
with azidothymidine.52 Spinal cords from these patients show gracile tract degen-
eration with most severe involvement of upper thoracic and cervical segments.53
Distal symmetrical polyneuropathy (DSPN) is probably a more advanced stage of
the same pathological process, with distal leg weakness added to the sensory
findings. Some authors lump the two together under the more inclusive term
DSPN. The etiology is unknown but it probably results from a toxic product of
either the HIV itself or the immune response to infection. Occasional patients
have reported spontaneous improvement, and a number of patients have im-
proved with antiviral drug treatment.?

Progressive inflammatory polyradiculoneuropathy, frequently affecting the
legs most severely with sphincter involvement (cauda equina syndrome), is another
cause of progressive weakness. A number of these cases have come to autopsy and
have shown CMYV infection of peripheral nerve and nerve roots.12:13:43.54.55 Direct
infection of nerve by HCMV (or perhaps HSV 2 in other cases) is the probable
etiology. Of interest is the fact that, in at least one patient, CMV localized
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FIGURE 3-3. Severe radiculomyelopathy associated with CMV infection. Panel A shows low-
power view of a dorsal nerve root infiltrated by inflammatory cells, found in clusters in some
regions (arrow) or as a single cell infiltrate. Panel B shows an area with prominent radicular
inflammation, including mononuclear inflammatory cells and scattered polymorphonuclear
leukocytes. Even at this magnification, several cytomegalic cells can be identified (arrowheads).
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Panel C shows prominent acute and chronic inflammation of the wall of a venule in the
subarachnoid space. Panel D shows a partly thrombosed microvessel (arrow) adjacent to a nerve
root, seen at upper right. The wall and adventitia of the partly thrombosed microvessel show
cytomegalic inclusions. Also see Vinters et al.43 (All micrographs hematoxylin and eosin: A X60;
B x123; C x123; D x123)



54 M. C. GRAVES and H. V. VINTERS

prominently to cells within blood vessel walls of the subarachnoid space.43 This in
turn had induced vasculitis and vascular thrombosis with resultant infarcts of the
nerve roots, among which CMV inclusions were prominent (Fig. 3-3). Recognition
and diagnosis of CMYV infection in life is important because antivirals directed at
CMYV might be effective. However, the cases reported by Miller et al. did not
respond to gancyclovir treatment, although this drug has been successful in
improving HCMV chorioretinitis in some patients with both conditions.!3 One
patient stabilized with plasmapheresis but did not improve. Thus, both immune
and viral factors might be involved in this neuropathy. In view of the sacral
neuropathies caused by HSV 2 in the non-HIV-infected population and the
prevalence of HSV 2 infection in persons at risk for AIDS, it seems reasonable to
suspect that some cases of this neuropathy may be caused by HSV 2.

5.3. Morphological Studies of Nerves

Biopsy and autopsy studies of large numbers of AIDS patients reveal that
structural lesions of peripheral nerve are common even in clinically asymptomatic
patients.51.56.57 Findings include moderate or severe demyelination in a majority
of specimens,56 axonal degeneration, and variable degrees of mononuclear infil-
tration (Fig. 3-4). Inflammation is more severe in patients with chronic inflamma-
tory demyelinating polyneuropathy. Inflammatory cells present within nerve
include T lymphocytes and macrophages, with a preponderance of CD8+ cyto-
toxic or suppressor cells.56 Morphometric studies of autopsy nerve specimens
from patients with AIDS also reveal a decrease in the density of total myelinated
fibers, with a disproportionately severe loss of large myelinated fibers (Fig. 3-5) in
almost 50% of patients surveyed.57

5.4. Autonomic Neuropathy

The conclusion that autonomic neuropathy occurs in AIDS patients is based
on physiological studies, since (as yet) no detailed morphological assessment of
the autonomic nervous system in patients with AIDS has been carried out.58-60 A
syndrome resembling amyotrophic lateral sclerosis or motor neuron disease
(ALS/MND) has been observed only rarely in patients with AIDS,6162 including
one individual who had appropriate findings confirmed at autopsy. In one patient
who had severe peripheral neuropathy and ALS/MND-like picture, we found
structural correlates of a profound sensorimotor neuropathy, immunohisto-
chemical evidence for HIV infection of anterior horn cells within the spinal cord,
and widespread HCMV infection of nerves and muscles.63

FIGURE 3-4. Inflammatory infiltrates within peripheral nerve. Both sections show autopsy
specimens of peripheral nerve, showing variable degrees of predominantly epineurial inflamma-
tion. Elsewhere in the nerve illustrated in panel B, typical cytomegalic cells were seen, but no
evidence of opportunistic infection was seen in the nerve illustrated in panel A. (Hematoxylin
and eosin; both panels xX153)
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FIGURE 3-5. Plastic-embedded sections of peripheral nerve stained with toluidine blue and
photographed at identical magnification. Panel A shows an approximately normal population
density of large and small myelinated fibers. Panel B shows a section of the same nerve from
another patient, with profound loss of large and small myelinated fibers seen throughout most of
the cross-sectional area. This illustrates a severe degree of pathological findings commonly seen
in appropriately examined nerves from patients with AIDS. (Magnification, both A and
B, x390)



VIRUS INFECTION OF PERIPHERAL NERVE 57

5.5. Other Neuromuscular Syndromes

Mpyopathies are rare manifestations of HIV infection, occurring approx-
imately one-tenth as often as abnormalities of peripheral nerve.1* HIV-antigen-
bearing inflammatory cells have been reported in muscle biopsies from seroposi-
tive patients with clinical polymyositis.!! Patients from defined HIV risk groups
with myopathic symptoms definitely need to be tested for HIV infection se-
rologically, since they may be candidates for antiviral therapy.

Myopathies in patients with HIV infection are often inflammatory, resem-
bling polymyositis.6465 Giant cells have been seen within the inflammatory
infiltrates, but HIV antigen has not been localized to these multinucleate cells;
multinucleated giant cells are a fairly reliable marker for HIV in the brain.14
Myositis has also been observed in simian AIDS.66.67

Noninflammatory myopathies are also observed in patients with AIDS.68
The most structurally intriguing of these are myopathies in which rod or
cytoplasmic bodies are observed within muscle fibers.6%-72 Opportunistic patho-
gens can often be seen within skeletal muscle, and denervation atrophy is (as
expected) a frequent finding in muscles from AIDS patients.1473
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Visna, a Lentiviral
Disease of Sheep

GUDMUNDUR PETURSSON,
OLAFUR S. ANDRESSON,
and GUDMUNDUR GEORGSSON

1. VISNA VIRUS: BIOLOGY AND STRUCTURE

1.1. Introduction

Visna (meaning wasting), an encephalomyelitis, and maedi (meaning dyspnea),
an interstitial pneumonia of sheep, were brought to Iceland with imported
Karakul sheep in 1933.1 Almost three decades elapsed until the causative agent of
visna, a virus, was isolated from the central nervous system (CNS) of visna-
affected sheep.2 A few years later a virus was isolated from the lungs of a sheep
with maedi.3 The viruses were shown to be serologically related, and early
transmission experiments indicated that visna and maedi were but different
organ manifestations of infection with the same virus,* which is thus frequently
referred to as maedi—visna virus (MVV).

It has been shown that MV'V is a nononcogenic retrovirus,5 and based on this
property, genome organization, and nucleic acid sequence homologies,b it is
classified with several other viruses in a separate group called lentiviruses, a term
derived from Sigurdsson’s concept of slow infections.”

GUDMUNDUR PETURSSON, OLAFUR S. ANDRESSON, and GUDMUNDUR GEORGSSON
* Institute for Experimental Pathology, University of Iceland, Keldur, IS-128 Reykjavik, Iceland.
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1.2. Neurotropism

Visna virus was the first of the lentiviruses to be isolated, but lentiviruses
have now been isolated from several mammalian species including humans.8 As
shown in Table 4-1, the lentiviruses vary in their organ tropism and cause a wide
variety of disease manifestations. In addition to visna virus, the caprine arthritis—
encephalitis virus is also neurotropic, and there is a growing body of evidence that
the nervous system may be one of the primary target organs of infection with the
human immunodeficiency virus (HIV).9

During the epidemic in Iceland the pulmonary affection, maedi, was the
predominant disease manifestation. In some sheep flocks, however, visna has been
the main cause of morbidity and mortality.! This experience seems to be unique
for Iceland. In other countries the pulmonary disease dominates the clinical
picture, and the CNS infection is usually mild and subclinical.! This difference is
atleast in part a result of an unusual susceptibility of the Icelandic breed of sheep.
Thus, in transmission experiments in American sheep using an Icelandic strain
of virus, K1514, which regularly causes an encephalitis in Icelandic sheep,!0 a
tenfold higher dose was needed to induce an encephalitis, which, in contrast to
the progressive encephalitis observed in Icelandic sheep, was self-limiting.!1

In addition, it seems likely that during the epidemic in Iceland a neuro-
virulent strain emerged. Thus, recent results in our laboratory applying restric-
tion enzyme analysis on viral DNA from various visna and maedi strains indicate
that visna and maedi viruses may differ approximately 7% in nucleotide se-
quences (V. Andrésdéttir, unpublished results), a variation comparable to the
greatest difference reported for different HIV-1 isolates.12 In spite of this genetic
difference in maedi and visna strains, there have been no reports on in vitro
differences in any host cells, but such an in vitro system to distinguish strains with
different organ tropisms would greatly facilitate analysis of genetic determinants
of neurovirulence in conjunction with functional molecular clones of visna
and maedi proviruses.

TABLE 4-1

Lentiviruses*
Virus Host Pathology
Maedi-visna virus Sheep Encephalitis, interstitial pneumonia
Caprine arthritis—encephalitis virus ~ Goats Arthritis, encephalitis
Bovine immunodeficiency-like virus  Cattle Lymphocytosis, lymphadenopathy
Equine infectious anemia virus Horses Hemolytic anemia
Feline immunodeficiency virus Cats Immunodeficiency
Simian immunodeficiency virus Monkeys  Immunodeficiency

Human immunodefidency virus #1 Humans Immunodeficiency
Human immunodeficiency virus #2 Humans Immunodeficiency

sModified from Pétursson et al.8
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1.3. Virus Structure and Genome Organization

The visna virion has a structure similar to other retroviruses, containing two
nearly identical polyadenylated RNA molecules of approximately 9200 nucleo-
tides each and several molecules of lysine tRNAs, which act as primers for the
enzyme reverse transcriptase, which also is contained in the virion.13.14 The viral
RNA molecules are scaffolded in a characteristic bullet- or wedge-shaped dense
core containing three different proteins (p25, p16, and p14). The viral core is
surrounded by an envelope derived from the cell membrane containing the viral
glycoprotein gp135 and its cleavage products, the surface (SU; gp70) and trans-
membrane (TM; gp45) glycoproteins. After the initial contact (the receptors for
the virus are still uncharacterized), the virion fuses with the cell membrane, and
the reverse transcriptase makes use of the lysine tRNAs to initiate a DNA copy of
the RNA genome, the RNA is degraded, and a second strand of DNA is produced.
This viral DNA contains duplications of both the 5’ and 3’ ends of the genome,
forming long terminal repeats (LTRs, 412 bp in visna virus) characteristic of
retroviral DNA replication intermediates.

In permissive cells from sheep choroid plexus (SCP), hundreds!> of DNA
copies are formed, although only one to four copies are found integrated in the
cellular chromosomes as proviruses. (O. Andrésson, unpublished data). The
provirus (and perhaps also the unintegrated DNA) acts as a template for tran-
scription that is regulated by several proteins coded by the virus and cellular
genes producing a complex set of mRNAs.16.17 The action of a positive regulator
of visna virus expression has been demonstrated and is probably analogous to the
tat protein of HIV,8 but much remains to be elucidated about the factors
regulating visna expression.

From DNA sequencing and protein characterization!420-22 it has been de-
duced that the visna virus genome contains three large genes; gag, coding for the
core proteins pl6, p25, and pl4; pol, coding for the reverse transcriptase and,
judging from the nucleic acid sequence, an endonuclease activity (for integration
of the provirus) as well as a protease activity for processing the polyprotein
products of the gag and pol genes; and env, coding for the glycoproteins of the
virion envelope. In between pol and env there is a gene, termed Q, whose function
has not been defined, but is probably analogous to vif in the HIV genome. Right
after Q there is another short open reading frame, now referred to as tat.!8 The
third regulatory gene, rev, is bipartite, the first part being identical to the start
of the env gene, and the second part overlapping the terminus of env, but out of
phase.18.19

1.4. Virus Replication in Vitro

Most in vitro studies of visna virus have been made with monolayers of
fibroblastoid cells derived from SCP in which the characteristic cytopathic effect
(CPE) is cell fusion resulting in syncytia of multinucleated giant cells. Such fusion
is not absolutely dependent on viral infectivity and can readily be observed within
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an hour after inoculation with a high multiplicity of inactivated virus (fusion from
without). When infection is with a lower dose of virus, the CPE correlates with
virus replication and may take 4—5 days. In addition to multinucleated syncytia,
the formation of mononucleated refractile spindle-shaped cells with dendritic
processes and giant multinucleated stellate cells is characteristic, and finally the
cells disintegrate. In electron micrographs viral particles can be seen assembling
and maturing by budding from the cell surface, where the env protein spans the
lipid bilayer and can be seen as protruding knobs.23

Visna and related viruses have the capacity to infect cells of the monocyte/
macrophage lineage in vitro, usually producing a prolonged infection with mini-
mal CPE yielding low titers of virus.24-26 When macrophages are infected :n vitro,
viral buds are infrequently seen at the cell surface, whereas viral particles are
prominent in internal vesicles (G. Georgsson, unpublished data), as has also been
observed with HIV-1.27 Interestingly, the level of transcription from the viral
LTRsis higher in macrophages than in SCP cells, but the level of trans-activation is
much higher in the SCP cells.18

Visna virus does not readily grow in cells of other species than the natural
hosts (except bovine cells),28 although Macintyre was able to propagate the virus
on a permanent line of human astrocytes.29

2. CLINICAL FEATURES AND PATHOLOGY

2.1. Transmission and Incubation Period

The Icelandic sheep that were in contact with the imported Karakul sheep
did not show any evidence of clinical disease until 6 years later.! Further experi-
ence in the field substantiated this extraordinary feature of this viral infection,
i.e., the long incubation period. Thus, clinical symptoms were rarely observed in
sheep before the age of 3 to 4 years. In transmission experiments with visna virus,
using an intracerebral route of inoculation, incubation periods, up to 7 to 8 years
have been observed.30

According to experience during the epidemic in Iceland, natural transmis-
sion was apparently mainly respiratory, and transmission experiments by the
respiratory route supported this view.! In open pastures the communicability
seems to be very low even in the clinical stage of the disease. In Iceland the
infection spread mainly during the winter, when the sheep were housed. Later
studies in The Netherlands showed that another important mode of spread in
endemic areas is from ewe to lamb via colostrum and milk.31.32

2.2. Clinical Symptoms

The initial symptoms noticed are that the sheep lag behind when the flock is
driven and may fall for no evident reason. An ataxia and weakness of the hindlegs
may develop at an early stage, and the sheep lose weight. At this stage the sheep
frequently rest on the distal ends of the metatarsals. The head is sometimes tilted
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to one side, and a fine trembling of the lips and facial muscles is sometimes
observed. The symptoms may progress slowly but steadily and lead to a para-
plegia or total paralysis within a few months to 1 year. Sometimes a remitting
course is observed. There is a gradual loss of weight, but the sheep remain alert to
the end and no difficulties are observed in feeding, defecation, or micturition.!

2.3. Pathology
2.3.1. Introduction

Visna has now been observed in several breeds of sheep in many countries.]
The pathological lesions show a similar pattern in the various breeds of sheep and
are, as reported by Sigurdsson and co-workers,3%:3¢ comparable in natural and
experimentally transmitted cases regardless of the route of infection.*35-37 The
following description is mainly based on studies on sheep experimentally infected
by an intracerebral route of inoculation. Approximately 150 sheep have been
studied. In each case nine standard planes of sections from the brain, three
different levels of the spinal cord (and occasionally the entire spinal cord), the
sciatic and optic nerves, and the retina were examined. In addition, the cellular
exudate in the spinal fluid was studied. The lesions evolving after experimental
transmission were analyzed from 2 weeks to 11 years after infection, and the age
spectrum varied from fetal to adult sheep. The description of the pathological
lesions has been a subject of several reports.10.38-43

2.3.2. Macroscopic Changes

The brain and spinal cord usually appear normal on macroscopic examina-
tion. The leptomeninges over the brain and spinal cord may show focal grayish
thickenings. The choroid plexus is sometimes granular. In severe cases a gray-
yellowish softening of the white matter of the cerebrum, brainstem, and cere-
bellum is present, and rarely relatively sharply demarcated grayish plaques have
been observed in the white columns of the spinal cord.

2.3.3. Microscopic Changes

A leptomeningitis over the brain and spinal cord is a very common feature
(Fig. 4-1). Itis sometimes diffuse, but frequently it is accentuated over the superior
frontal gyrus, hippocampic fissure, pyriform and occipital lobe, and the cerebel-
lar lingula. In the spinal cord it is usually most marked over the anterior median
fissure, the posterior median sulcus, and around nerve roots, especially the
posterior ones. The meningitis has been detected 1 to 2 weeks after infec-
tion.10.34.37.4¢ The severity of the meningitis varies. Shortly after infection it is
sometimes very marked but usually wanes with time, although it may still be
present several years after infection.43 Lymphocytes are usually most numerous in
the inflammatory infiltrates, followed by macrophages and plasma cells.

A pleocytosis of the cerebrospinal fluid (CSF), with maximal levels approx-
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FIGURE 4-1. (A) Heavy infiltration of mononuclear cells in the meninges over the temporal
lobe. Bar, 100 pm (hematoxylin and eosin). (B) Cellular exudate in the CSF consisting of
lymphocytes and macrophages. Mitotic figure (arrow). Bar, 10 pm (Epon, toluidine blue).

imately 1 month after infection, is observed.1037424546 The number of cells
decreases generally within a period of a few months but may stay at slightly
increased levels for years.1045:46 Occasionally a pleocytosis is not observed until
several months after infection, and in long-term studies irregular fluctuations in
the number of cells have been observed with peaks of pleocytosis occurring 7 or 8
years after infection.30:#5 The fluctuation in the pleocytosis indicates a remitting
lesion activity in the CNS.

The composition of the cellular exudate in the CSF (Fig. 4-1) differs from the
inflammatory infiltrates in the meninges such that macrophages are in general
more numerous than lymphocytes in the CSE, and plasma cells are very rare.42.45
This may reflect differences in the migratory potential of these cells.

In an ultrastructural analysis of the CSF, myelin fragments were found,42 and
testing for myelin basic protein in the CSF revealed a transient elevation.46 This is
probably an indication of active myelin breakdown and may have implications for
the pathogenesis of lesions. In human demyelinating diseases similar findings
have been reported,*7:48 and it has been suggested that myelin entering the CSF
may lead to autosensitization to myelin proteins.49

In the brain the earliest lesions observed are subependymal inflammation
and an inflammatory infiltration of the choroid plexus, which are often present 2
weeks after infection.10.3841 The subependymal inflammation begins as small
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perivascular sleeves scattered underneath the ependymal lining of the ventricles.
With increasing severity it becomes more diffuse, and sometimes confluent
subependymal inflammation borders the entire ventricular system (Fig. 4-2) of
the brain and frequently extends into the spinal cord along the central canal.
Sometimes the ependymal lining sloughs off the surface. With increasing severity
of the inflammation, the white matter becomes involved and to a lesser degree
adjacent nuclei. The white matter involvement at first is in the form of discrete
perivascular infiltrates (Fig. 4-2), but with progression of the lesions they become
confluent and may in extreme cases involve almost the entire white matter. The
cerebral cortex is in general spared, although an occasional glial nodule or
discrete perivascular inflammatory cuffs may be present. Glial nodules also occur
in the white matter.

In the spinal cord, inflammation usually radiates from the central canal into
the adjacent gray matter, but sometimes inflammation is found in the white
columns with no apparent relation to that surrounding the central canal.

The myelin is sometimes well preserved even in areas with dense inflamma-
tory infiltration, which pushes the myelinated fibers apart, but eventually the
myelin is broken down. The myelin breakdown is sometimes in the form of
multiple small foci, but frequently large areas of liquefaction necrosis with

FIGURE4-2. (A) Lateral ventricle. Confluent subependymal inflammation extending mainly as
perivascular cuffs into the white matter. Bar, 500 pm (hematoxylin and eosin). (B) A thick
perivascular sleeve of lymphocytes and macrophages in the white matter. Beginning infiltration
into adjacent neuroparenchyma (arrow). Bar, 50 um (hematoxylin and eosin).
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destruction of myelin and axons, i.e., secondary demyelination, are found, with
massive infiltration of macrophages filled with phagocytosed material (“gitter
cells”). Foci of coagulative necrosis are occasionally present.

In addition to foci of secondary demyelination, rather sharply demarcated
foci of primary demyelination (Fig. 4-3) resembling chronic active or chronic
silent plaques of multiples sclerosis (MS) occur in sheep that are developing
clinical signs several years after infection.*3 The demyelinated plaques are mainly
found in the spinal cord and may show signs of remyelination, frequently with
peripheral-type myelin.

Inflammation of the choroid plexus in the lateral, third, and fourth ventricles
is an early and common feature of the pathological lesions observed in visna. The
inflammation varies in degree from discrete infiltration with lymphocytes, some
macrophages, and plasma cells to very pronounced lymphoid proliferation with
formation of lymph follicles with active germinal centers (Fig. 4-3).

Neurons are spared except in areas with frank necrosis and are often well
preserved where there is a pronounced inflammation. This is in accord with
results of in situ hybridization®® and immunohistochemical studies of the
brain.30,5! Neither the viral genome nor expression of viral proteins has been
detected in neurons by these methods, whereas astrocytes and oligodendrocytes
apparently harbor the viral genome.50 Expression of viral proteins has been

FIGURE 4-3. (A) Lateral ventricle. Inflammation of the choroid plexus with a lymph follicle
with an active germinal center. Bar, 200 pm (hematoxylin and eosin). (B) Lumbar cord. Plaque of
primary demyelination in the posterior column. Bar, 100 pm (Kliver—Barrera).
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detected in a wide variety of cells, i.e., lymphocytes, plasma cells, macrophages,
endothelial cells, pericytes, fibroblasts, and choroidal epithelial cells.5!

Astrocytes surrounding perivascular infiltrates and bordering necrotic foci
show a reactive response. In the vessels some swelling of endothelial cells of
capillaries and venules in inflammatory foci is commonly observed, and occa-
sionally slight intimal thickening in arteries and veins and some perivascular
fibrosis are present.

Multinucleated giant cells, the hallmark of the CPE of visna virus in tissue
culture, have only been detected in experiments done with a highly neurovirulent
strain, selected by serial passage of virus through sheep.5!

The peripheral nervous system is rarely affected. In our series nerve roots,
the sciatic and optic nerves and retina were normal. But Sigurdsson et al.33
occasionally found an extension of the inflammation of the meninges into
adjacent spinal ganglia and nerve roots as well as isolated inflammatory foci in
peripheral nerves at some distance from nerve roots.

Except for the plaques of primary demyelination, which are apparently a
rather late manifestation, the character of the pathological lesions does not
change with time. Thus, the composition of the inflammatory infiltrates in sheep
sacrificed 10 years after infection was similar to those observed 2 weeks after
infection. The results of a long-term study indicate that lesion activity may be
remitting, and inflammatory lesions that are not accompanied by breakdown of
tissue may resolve and reappear later. If sheep survive long enough after necrosis
has occurred, glial scars or cystic transformation is present.3? There are, however,
breed differences. Thus, in American sheep a self-limiting encephalitis healing
with scar tissue is observed after intracerebral infection with visna virus.!!

3. IMMUNE RESPONSE

3.1. Humoral Immune Response

Antibodies to viral antigens are induced by natural and experimental infec-
tion with maedi—visna virus. They can be demonstrated by various techniques:
virus neutralization,? complement fixation,52 immunofluorescence,53.5¢ gel im-
munodiffusion,55-57 passive hemagglutination,58 and the ELISA method.59 Neu-
tralizing antibodies appear relatively slowly following experimental infection and
are first detected after 12 to 3 months or even later.}0.5460 They may be quite
strain specific, and thus some virus isolates are poorly neutralized by antisera that
react strongly with other viral strains.5? Complement-fixing antibodies first ap-
pear 3—4 weeks after experimental infection.!® They are relatively nonspecific
and do not distinguish between strains of maedi—visna virus, probably because
they are directed at least in part to the p25 group-specific core antigen, whereas
the neutralizing antibodies are directed against the envelope glycoprotein.62

Precipitating antibodies against both p25 core antigen and the virus enve-
lope glycoprotein are not strain specific. Almost all sheep experimentally infected
with visna virus will develop precipitating antibodies to the envelope glyco-
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protein, whereas only about 40% show a second line in immunodiffusion tests
corresponding to the p25 core antigen.57

The ELISA method appears to be more sensitive than both complement
fixation and immunodiffusion and therefore is the method of choice for general
purposes. The immunoglobulin class distribution of viral antibodies in visna is
only partially worked out. Both complement-fixing and neutralizing antibodies
belong to the IgG, subclass but can be separated on the basis of different electrical
charge by ion-exchange chromatography. The neutralizing antibodies are more
highly charged.83 Viral antibodies of the IgM class have not been convincingly
demonstrated.63

Different strains of maedi—visna virus vary in their ability to elicit neutraliz-
ing antibodies. Less cytolytic strains, which grow to rather low titers in tissue
culture, seem to induce neutralizing antibodies less readily than highly cytolytic
strains of visna.l1.57

Neutralizing antibodies have been found in the CSF of experimentally
infected sheep and have been shown to be produced locally in the CNS.1045:46 In
some sheep with longstanding visna, oligoclonal bands in the y-globulin region
have been demonstrated by electrophoresis.64 It is not known whether they are
directed against virus antigens. An increase in the IgM level in CSF during visna
has been reported.® The appearance of neutralizing antibodies in the CSF seems
to coincide with the disappearance of free infectious virus from the CSF about 3~
4 months after experimental infection.10

3.2. Cell-Mediated Immune Response

Several reports on lymphocyte blast transformation in response to virus
antigens have appeared.37.65-68 These responses seem to be rather irregular and
often transient. No studies on cytotoxic T cells have appeared, and on the whole
our knowledge of cell-mediated immune response in maedi—visna infection is still
fragmentary.

3.3. Interferon

Earlier work has indicated that visna virus is a poor inducer of interferon?28.69
and that replication of the virus was completely unaffected by high concentrations
of sheep interferon induced by polyriboinosinic-polyribocytidylic acid.6%70 It has
been reported recently, however, that lentiviruses of sheep and goats induce a
unique type of interferon produced by T lymphocytes during interaction with
infected macrophages. This interferon is a nonglycosylated protein, 54—60 kDa,
and stable to heat and acid treatment.”! The role of this interferon in controlling
virus replication and in the pathogenesis of lesions is still unknown.

3.4. Vaccination Trials

Attempts to vaccinate sheep against maedi—visna virus have failed to induce
protective immunity.7273 Either whole virus inactivated by various methods or
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relatively crude preparations of the envelope glycoprotein have been used in
combination with complete Freund’s adjuvant. The inoculated sheep have devel-
oped antibodies detectable by complement fixation, gel immunodiffusion, and
ELISA but no virus-neutralizing antibodies and no protection against challenge
with live virus. There are indications that immunization with lentiviruses of sheep
and goats may enhance the severity of disease.7475

4. PATHOGENESIS

Inoculation with maedi—visna virus invariably results in a systemic infection,
and virus can be recovered from most organs, even those that are apparently free
of lesions. Viremia is found in both natural and experimental infection within 1-2
weeks.10.76 The virus is always cell associated, never found free in the plasma.l0
Since a very low proportion of the peripheral blood leukocytes carry the virus, it
has been difficult to identify the target cells of infection. Some of them at least are
monocytes?4 in which virus replication seems highly restricted, but it is enhanced
when they mature into macrophages.25.26 There are also reports that lymphocytes
of blood and lymph may be infected.10.23.32

It has been suggested that visna virus is carried into the CNS by infected
monocytes, from which it then may spread to other target cells. This has been
referred to as the Trojan horse mechanism of virus spread.”” Presumably circu-
lating lymphocytes may also carry the virus to the CNS, since there is evidence
that there is some lymphocyte traffic into the CNS through an intact blood—brain
barrier.’8 By immunohistochemical methods the following cell types in the CNS
have been found positive for viral antigen: macrophages, lymphocytes, plasma
cells, choroid epithelial cells, pericytes, endothelial cells, and fibroblasts.5! By in
situ hybridization virus nucleic acid has been found in glial cells, astrocytes, and
oligodendrocytes.5 There are no reports of viral infection of neurons.

There is evidence that the early inflammatory CNS lesions of visna are
immune mediated. By immunosuppressive treatment of infected sheep with
antithymocyte serum and cyclophosphamide, development of lesions could be
practically abolished.?9

Stimulating the immune response by hyperimmunization of already infected
sheep seemed to enhance the severity of lesions.”¢ The immunopathogenetic
mechanism is apparently directed against virus-induced antigens, since the
severity of lesions increases with virus dose2? and shows a correlation with
frequency of virus isolations.!0 On the other hand there was no indication of an
autoimmune humoral or cell-mediated response in visna-infected sheep to basic
protein or galactocerebroside myelin antigens in short-term infection.80

Itis considered likely that a cell-mediated immune response to virus antigens
is responsible for the development of the early inflammatory CNS lesions in visna,
since the lesions start to develop before an antiviral antibody response is observed
but at a time when virus-specific cell-mediated immune responses have been
demonstrated in the CNS.37

The pathogenesis of the primary demyelination developing at later stages of
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visna is incompletely understood. Although the virus genome has been reported
in oligodendrocytes by in situ hybridization,50 virus antigen was not found in these
cells by immunocytochemical methods.5! This makes it less likely that an
immune-mediated attack on these cells could explain the demyelination. A
functional disturbance of these cells by the presence of the viral genome cannot be
excluded, nor can a nonspecific destruction by lymphokines or other substances
released from inflammatory cells, referred to as “bystander” demyelination.8!

It has been proposed that antigenic variation of visna virus could explain the
persistence of virus in the host as well as the progression of lesions.248283 It has
been amply documented that antigenic variants arise frequently in individual
sheep, variants that are poorly neutralized by early antisera from the same sheep.
Other studies have not shown any correlation of the appearance of antigenic
variants with disease progression, and persistence of virus was apparently not
explained by antigenic variation, since variants did not replace the infecting virus
type_61,84

Persistence of the virus seems to be explained by the provirus theory, that is,
the presence of the viral genome in many cells of the body without virus
replication or synthesis of viral proteins. This host cell restriction in transcription
of the proviral DNA into messenger RNA and also in the translation of messenger
RNA into viral proteins®5.86 seems to offer adequate explanation of virus persis-
tence in the face of an active immune response. This restriction may depend on
both the cell type involved and the physiological or developmental state of the
infected cell.87 Thus, lentiviral genomes seem to be highly controlled by the cells
of the host, which probably explains the slow development of lentiviral diseases.
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1. INTRODUCTION

The mouse encephalomyelitis viruses are naturally occurring enteric pathogens
of mice. Discovered by Max Theiler in the early 1930s, these viruses are fre-
quently referred to as Theiler’s murine encephalomyelitis viruses (TMEV).! Their
host range appears to be quite narrow, and serological evidence indicates that Mus
musculus is the natural host. The TMEV are present in virtually all nonbarrier
mouse colonies throughout the world, where they cause asymptomatic intestinal
infections. Rarely, TMEV spreads to the central nervous system (CNS), producing
encephalitis or, more commonly, spontaneous paralysis, i.e., poliomyelitis.23 The
incidence of spontaneous paralysis is low, on the order of one paralyzed animal
per 1000—5000 mice in a colony. Since TMEV may go undetected unless appro-
priate serological testing is performed, these agents are a potential hazard for
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investigators using mice in biomedical research. In recent years, this group of
viruses has assumed additional importance because TMEV infection in mice
provides one of the few available experimental animal models for multiple
sclerosis.+-6 TMEV-induced demyelinating disease is perhaps the most relevant
animal model for multiple sclerosis because (1) chronic pathological involvement
is essentially limited to the CNS white matter; (2) myelin breakdown is accom-
panied by mononuclear cell inflammation; (3) pathological changes show de-
myelinating lesions of different ages, suggesting that disease may be recurrent;
(4) demyelination results in clinical disease (spasticity, extensor spasms, and
neurogenic bladder) involving upper motor neurons; (5) myelin breakdown is
immune mediated; and (6) the disease is under multigenic control with a strong
linkage to certain major histocompatibility complex genotypes.

Based on the complete nucleotide sequence and genome organization,
TMEV have recently been unofficially classified as cardioviruses in the family
Picornaviridae along with encephalomyocarditis virus (EMCV) and Mengo virus
(Table 5-1).7.8 The TMEYV constitute a separate serological group of cardioviruses,
since polyclonal antisera show no cross-neutralization between TMEV and EMCV
or Mengo virus.? Because the coat proteins share a high degree of identity with
the other cardioviruses, cross-reactions are seen on ELISA when disrupted
virions are used as antigen.

The single-stranded TMEV RNA genome is of message sense, is approx-
imately 8100 nucleotides in size, and consists of 5’ and 3’ untranslated regions
flanking a large open reading frame. A 20-amino-acid protein, VPg, is covalently
linked to the 5’ end of the genome.!0 The 5’ untranslated region is 1064—1069
nucleotides long but lacks a poly(C) tract..1! The large size of the 5’ noncoding
region and the absence of a poly(C) tract distinguish TMEV from the other
cardioviruses. The 3’ untranslated region is 125 nucleotides in length, similar in
size to EMCV and Mengo virus, and a poly(A) tail of indeterminate length is
present at the 3’ end. As with other picornaviruses, the final gene products of
TMEYV are the result of posttranslational cleavages of the polyprotein. Thus, the
long open reading frame encodes a polyprotein of 2303 amino acids that begins
with a short leader protein followed by 11 other gene products in the standard
L-4-3-4 picornavirus arrangement.!2 By analogy with other picornaviruses,!? the
functions of many of the TMEV proteins are known (Table 5-2).

TABLE 5-1
Classification of TMEYV in the Family Picornaviridae

Human enteroviruses: Polioviruses, Coxsackieviruses, Echoviruses
Human rhinoviruses
Hepatitis A viruses
Aphthoviruses: Foot-and-mouth disease viruses
Cardioviruses
Group A: EMCV, Mengo, MM, Columbia-SK, Maus—Elberfeld
Group B: TMEV
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TABLE 5-2
Theiler’s Murine Encephalomyelitis Virus-Specific Proteins
Proteine Molecular weight? Function
Leader 8,493 Unknown
1A (VP4) 7,102
ig Ezll:g; ggﬁzg Coat proteins—encapsidate RNA genome
1D (VP1) 30,586
2A 16,380 ?Protease for 1D/2A cleavage
2B 13,836 Unknown
2C 36,845 ?Second RNA polymerase
3A 9,934 Unknown
3B 2,169 VPg—attached to RNA 5’ end
3C 23,612 Principal viral protease
3D 52,235 Viral RNA polymerase

sArranged in order from 5’ to 3' on the RNA genome; standard nomenclature used.?
éMolecular weights are for BeAn virus.”

2. TWO NEUROVIRULENCE GROUPS

All TMEV are transmitted by the fecal—oral route but can be separated into
two biological groups based on neurovirulence (Table 5-3). The first group
consists of only two isolates, GDVII and FA viruses, which are highly virulent and
cause a rapidly fatal encephalitis.}415 All of the other TMEV isolates, including
viruses recovered from the CNS of spontaneously paralyzed mice and from the
feces of asymptomatic mice, form a second, less virulent group. Experimentally,
the less virulent viruses produce poliomyelitis (early disease) followed by de-
myelinating disease (late disease);!6.17 however, the poliomyelitis phase becomes
subclinical when tissue-culture-adapted viruses are used.

The following sections of this chapter focus on the pathogenesis of the
biphasic disease produced by the less virulent TMEV.

TABLE 5-3
Two Biological Groups of
Theiler’s Murine Encephalomyelitis Viruses

Highly
Phenotype virulent Less virulent
Disease Encephalitis Polio/demyelination
Incubation time 1-10 days 7-21 days/50 days
PFU/LDy, 1-10 >1,000,000
Plaque size Large Small

Temp. sensitive - +
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3. CLINICAL SIGNS

Although the TMEV are enterically transmitted viruses, the pathogenesis of
the CNS infection has been primarily studied using the intracerebral (IC) route of
inoculation to maximize the incidence of neurological disease. Following IC
inoculation, the less virulent strains produce a distinct biphasic CNS disease in
susceptible strains of mice, characterized by poliomyelitis during the first few
weeks post-inoculation (PI), followed by a chronic, inflammatory demyelinating
process that begins during the second or third week PI and becomes manifest
clinically between 1 and 3 months PI. Mice with poliomyelitis develop flaccid
paralysis, usually of the hindlimbs; only one limb may be affected, or paralysis
may spread rapidly to involve all limbs and lead to death. In contrast to the fatal
outcome of paralysis produced by the Lansing strain of human poliovirus type
2,18 complete recovery from TMEV-induced poliomyelitis is usual. Occasionally,
residual limb deformities may occur as the result of severe paralysis.

Gait spasticity is the clinical hallmark of the demyelinating or late disease.
Late disease is first manifest by slightly unkempt fur and decreased activity,
followed by an unstable, waddling gait. Subsequently, generalized tremulousness
and ataxia develop, and the waddling gait evolves into overt paralysis. Inconti-
nence of urine and priapism are commonly seen. As the disease advances,
prolonged extensor spasms of the limbs (>5-10 sec in duration) followed by
difficulty in righting can be induced by abruptly turning a diseased mouse onto
its side. The clinical manifestations of late disease are progressive and lead to the
animal’s demise in 6—14 months.

4. PATHOLOGICAL FEATURES

Motor neurons in the brainstem and spinal cord are the main targets of
infection during poliomyelitis (early disease), but sensory neurons and astrocytes
are also infected.!9 TMEV does not replicate in endothelial and ependymal cells
or initially in oligodendrocytes. A brisk microglial reaction is elicited with the
appearance of numerous microglial nodules, particularly in the anterior gray
matter of the spinal cord. Examples of neuronophagia are quite frequent at this
time, but very little lymphocytic response is seen. the poliomyelitis phase lasts 1-4
weeks, after which time little residual gray matter involvement is apparent other
than resolving astrocytosis.

Beginning as early as 2 weeks PI, inflammation of the spinal leptomeninges
begins to appear, followed by involvement of the white matter.1920 Initially, the
inflammatory infiltrates are almost exclusively composed of lymphocytes, but at
later times plasma cells and macrophages are numerous. The influx of macro-
phages is in close temporal and anatomic relationship with myelin breakdown.

Both light and ultrastructural studies of the demyelinating process show that
myelin destruction is strictly related to the presence of mononuclear cells,9.2!
which either actively strip myelin lamellae from otherwise normal-appearing
axons or are found in contact with myelin sheaths undergoing vesicular disrup-
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tion.22 Foci of inflammation and myelin destruction extend from the perivascular
spaces into the surrounding white matter, leading to sharply demarcated plaques
of demyelination. The ultrastructure of oligodendrocytes during the initial phase
of myelin breakdown has not shown alterations in oligodendroglial loops, which
are in close apposition with naked but otherwise normal axons, suggesting that
myelin injury is not directly related to oligodendroglial cytopathology. However,
later in the infection vesicular changes have been seen in the inner cytoplasmic
tongues of oligodendrocytes.2? In addition, immunohistochemical analysis of the
demyelinating process has not shown the expected pattern of loss of myelin basic
protein (MBP) and myelin-associated glycoprotein (MAG) if oligodendrocytes are
degenerating.24¢ The MAG is preferentially detected in the inner oligodendroglial
component of the myelin sheath, whereas P, a major glycoprotein of peripheral
myelin, and MBP are found throughout the entire thickness of lamellae of
compacted myelin.25 In acute lesions, MBP disappears before MAG, whereas in
recurrent lesions where Schwann cell remyelination has taken place, P, is lost
before MAG. These observations suggest that myelin destruction reflects a direct
attack on the myelin sheath rather than on myelinating cells.

One of the most prominent features of TMEV infection is the presence of
active inflammatory, demyelinating lesions for many months with old, inactive
plaques observed along with the active lesions. The simultaneous presence and
close proximity of fresh and inactive demyelinating lesions provides indirect
evidence that demyelination is recurrent. Additional evidence comes from obser-
vations in DA virus-infected C3H/He mice and in WW virus-infected outbred
Swiss mice (DA and WW are less virulent strains), where extensive Schwann cell
remyelination occurs in the outer margins of the spinal cord white matter and
extensive oligodendroglial remyelination is present along the inner aspects of
white matter columns.26.27 In most of these animals examined several months PI,
fresh inflammatory, demyelinating lesions were present in areas previously re-
myelinated by Schwann cells. Schwann cells in contact with naked axons are
normal in appearance and devoid of viral antigen, although surrounded by
numerous inflammatory cells.28 These observations clearly demonstrate the oc-
currence of more than one episode of demyelination.

5. VIRUS-SPECIFIC IMMUNITY

During the first week, TME V-infected mice mount a virus-specific humoral
immune response that reaches a peak by 1 to 2 months PI and is sustained for the
life of the host.6.17 Both plaque-reduction neutralization® and immunoassay?29
have been used to measure TMEV-specific antibody responses. Using a solid-
phase particle concentration fluorescence immunoassay (PCFIA), Peterson et al.30
found that the majority of the antiviral IgG in persistently infected mice is of the
IgG,, and IgGy, classes, with very little antiviral IgM present by day 21 PI. The
antiviral antibody response is substantial and constitutes approximately 10% of
the total serum IgG in these mice.30 Although four neutralizing epitopes have
been mapped on the virion of several picornaviruses, TMEV-specific neutralizing
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epitopes have not yet been determined. Thus, nothing is known about epitope-
specific humoral immunity in TMEV infection.

When infected, susceptible strains of mice also develop significant levels of
virus-specific cellular immunity. T-cell proliferation and delayed-type hypersen-
sitivity (DTH) appear by approximately 2 weeks PI and remain at high levels for
at least 6 months, possibly for the lifetime of the host.31 Both DTH and T-cell
proliferation have been shown to be specific for TMEV and mediated by L3T4+,
Lyt-1¥2- (CD4+), class-11-restricted T cells.31

Although mice mount virus-specific humoral and cellular immune responses
on early virus exposure and peak virus titers fall by 2—3 log units, TMEV
somehow evades immune clearance to persist at low levels indefinitely in the CNS
of the host. Extraneural persistence has not been observed. Current dogma holds
that humoral immunity is more important than cellular immunity in clearing
infections by nonenveloped viruses such as picornaviruses, but this has not been
established for TMEV. The precise mechanism by which TMEV evades immune
clearance is presently unknown but does not involve antigenic variation.32 Al-
though complement and virus—antibody deposition in the CNS parenchyma
(e.g., myelin sheaths) has not been found,33.34 extracellular transport of virus as
infectious virus—antibody complexes, in aggregates, or enveloped in cell mem-
branes3%36 could provide protection against the TMEV-specific immune re-
sponses and enable persistence of the infection.

6. SITES OF VIRUS PERSISTENCE

TMEV persistence involves ongoing virus replication, since infectious virus
can be readily isolated from the CNS.1621 TMEV replication during the persistent
phase, like that of other persistent viruses, is known to be restricted. Cash et al.37
found that the majority of infected cells (=95%) in the spinal cord contain 100 to
500 copies of TMEV RNA. A second but minor population of white matter cells
(=5%) contain >1500 copies of virus RNA. Only10—20% of the cells containing
virus RNA produced virus coat proteins.37 Recently, the restriction in virus RNA
replication was shown to be caused by a block at the level of minus-strand
synthesis.38

Although TMEV-induced demyelinating disease has been studied for more
than 15 vyears, it is still uncertain whether oligodendrocytes, the myelin-
maintaining cell, or macrophages are the primary target for virus persistence.
Virus antigen,19.39 virions,*0 and virus genomic RNA4! have been detected in
oligodendrocytes and macrophages in demyelinating lesions in adult mice. Persis-
tence in oligodendrocytes could lead to demyelination by a direct virus cytopathic
effect or by triggering an immune-mediated response to virally altered oligoden-
drocyte membranes as proposed by Rodriguez ¢t al.42 However, virus antigen has
been detected in oligodendrocytes only at day 45 PI, well after the onset of
demyelination (20-30 days PI), and apparently in a limited number of these
cells.20 Thus, infection of oligodendrocytes has not as yet been shown to coincide
with the onset of myelin breakdown, nor is it clear whether the infection of the
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myelin-maintaining cell is extensive enough to account for the large size of
demyelinating lesions in this infection. In another study in which cell types could
be determined for only 50% of the CNS cells positive by in situ hybridization for
TMEV genomes, 25—40% of these cells were identified as oligodendrocytes by
staining for carbonic anhydrase 11 (CAII).#2 These authors reported finding no
overlap in double immunostaining for carbonic anhydrase 11 (CAII) and the
astrocyte indicator, glial fibrillary acidic protein (GFAP). However, anti-GFAP
antibodies do not always stain protoplasmic astrocytes, and anti-CAII antibodies
can stain protoplasmic astrocytes in addition to oligodendrocytes,*3 so the iden-
tity of the TMEV-positive cell remains somewhat unclear. In contrast to the above
studies, virus antigen has been readily demonstrated as early as 11 days PI in
macrophages located in demyelinating lesions3? and at 28 days PI20 as well as
throughout the chronic phase of infection,39 suggesting that macrophages may in
fact be the principal target for TMEV persistence. On the other hand, the
detection of virus antigen alone in macrophages does not prove that these cells are
productively infected.

Recently, mononuclear cells (MNC) isolated directly from CNS inflammatory
infiltrates of TME V-infected mice on discontinuous Percoll gradients were found
to contain infectious TMEV.#¢ Macrophages appeared to be the principal MNC
infected. Infectious center assay and double immunostaining together indicated
the presence and possible synthesis of TMEV in approximately one in 225 to one
in 1000 CNS macrophages, with one to seven PFU produced per macrophage.
Based on these findings, limited replication in macrophages is consistent with the
total CNS virus content detected at any time during the persistent phase of the
infection as well as the slow pace of the infection.

7. IMMUNE-MEDIATED MECHANISM OF DEMYELINATION

Appropriately timed immunosuppression can prevent and reverse the clini-
cal signs and pathological changes caused by TMEV-induced demyelinating
disease, strongly suggesting that myelin breakdown is immune mediated. A
number of different immunosuppressive modalities have proven to be effective,
including cyclophosphamide, antilymphocyte serum, and monoclonal anti-1-A,
L3T4+, and Lyt-2+ antibodies#5-49 (Table 5-4). If given too early, these agents
may potentiate the initial neuronal phase of the infection and cause a high
mortality from encephalitis.4#>-48 Recently, S. D. Miller (unpublished data) adop-
tively immunized infected SJL mice with a TMEV VP2-specific T-cell line and
increased the incidence of demyelinating disease. The recipient mice were
inoculated IC with TMEV at a dose that produced a low incidence of demyelinat-
ing disease. These results further support an immune-mediated mechanism of
demyelination and indicate that the T-cell response is directed at TMEV.

The effector mechanism by which a nonbudding virus, such as TMEV, might
lead to immune-mediated tissue injury is unknown. Because TMEV antigens
have been found in macrophages,29.39.44 it has been proposed that myelin break-
down may result from an interaction between virus-specific sensitized lympho-
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TABLE 5-4
Immunosuppressive Agents Reported to Prevent
TMEV-Induced Demyelinating Disease

Agent References  Virus strain  Day PI  Endpointse
Cytoxan plus ATSé 44 DA 0 H
Cytoxan plus ATS 45 DA 0, 35 H
MAB¢ anti-I-A 46 ww 0, 14, C, H
at onset
MAB anti-L3T4+ plus thymectomy 47 BeAn 0, 65 C, H
MAB anti-Lyt2+ 48 DA -1, 15 H
MAB anti-L3T4+ Unpublished BeAn 0, 14 C, H
(see text)

sEndpoints for demyelinating disease; C, clinical signs; H, histology.
bCytoxan, cyclosphosphamide; ATS, antithymocyte serum.
¢MAB, monoclonal antibody.

cytes trafficking into infected areas in the CNS and the virus. Thus, myelinated
axons may be nonspecifically damaged as a consequence of a virus-specific
immune response, i.e.,, an “innocent-bystander” response. Clatch et al.31,50,51
showed that high levels of TMEV-specific DTH but not TMEV-specific antibody
responses correlate with the temporal onset of demyelinating disease as well as
with the disease incidence among susceptible and resistant congenic recombinant
mice. Thus, in this system, lymphokines produced by MHC class II (I-A)-
restricted, TMEV-specific Ty cells primed by interaction with infected macro-
phages would lead to the recruitment and activation of additional macrophages in
the CNS, resulting in nonspecific macrophage-mediated demyelination. This
hypothesis is consistent with the CNS pathological changes observed in mice
exhibiting TMEV-induced demyelinating disease and with the classic observa-
tions of MacKaness,52 who demonstrated nonspecific resistance to Mycobacterium
in naive recipients of Listeria-immune T cells infected with both viable Mycobac-
tertum and Listeria. Regarding demyelination, antigen-specific T cells and T-cell
lines have been shown to cause bystander CNS damage via macrophage activa-
tion. Wisniewski and Bloom53 showed that CNS and peripheral nervous system
myelin can be damaged as a nonspecific consequence of a specific DTH reaction
directed at non-nervous-tissue antigens, namely, purified protein derivative (PPD)
of tuberculin. More recently, Holoshitz ¢t al.5¢ showed that encephalitis can be
produced in mice by intravenous transfer of PPD-specific T-cell lines following IC
inoculation of PPD. However, another study designed to evaluate bystander
demyelination in peripheral nervous tissue revealed no evidence for bystander
demyelination.55

Alternatively, if there is extensive infection of oligodendrocytes, demyelina-
tion may result from immune injury to these cells, since they may express TMEV
antigens in conjunction with H-2 class I determinants. Because H-2 class I
determinants (e.g., H-2D) restrict the development and expression of lyt-2+
(CD8%) cytotoxic T cells to allogeneic and virus-infected syngeneic cells, these T
cells might kill infected oligodendrocytes.42 However, the pathogenic role of
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TME V-specific cytotoxic T-cell responses remains unclear, since such responses
have not been reported in susceptible mice, and widespread degeneration of
oligodendrocytes is not apparent histologically.19:20

Finally, TMEV infection might trigger an autoimmune reaction comparable
to that occurring in experimental allergic encephalomyelitis (EAE) and thereby
may contribute to the demyelinating process. Such an autoimmune response
against CNS antigens could be triggered by one or several mechanisms: (1) direct
damage to CNS cells resulting from cytopathic effects of TMEYV, (2) damage to
CNS constituents as a result of TMEV-specific cell-mediated immune responses,
and (3) cross-reactive immune responses between virus and CNS antigens (mo-
lecular mimicry). Although it has long been postulated that viruses may share
antigenic sites with normal host-cell components, identity between virus and
nervous system myelin antigens has been demonstrated only recently.56:57 Fuji-
nami and Oldstone,3” who found amino acid sequence identity between the
encephalitogenic site of rabbit myelin basic protein and the hepatitis B virus
polymerase, showed not only that immune responses were generated in rabbits by
the virus peptide that cross-reacted with the self protein but also that mono-
nuclear cell infiltration was present in the CNS of animals immunized with the
peptide.

In support of a molecular mimicry pathogenesis, Fujinami et al.58 have
identified a monoclonal antibody from TMEV-infected animals that both neutral-
izes TMEV and reacts with galactocerebroside, a surface component on myelin;
the antibody, on inoculation, causes demyelination. However, using the chronic,
relapsing EAE model in SJL mice as a positive control for neuroantigen reactivity,
Miller et al.59 found no evidence of T-cell proliferative or DTH responses to the
major neuroantigens in mice with TMEV-induced demyelinating disease. The
neuroantigens included mouse whole spinal cord homogenate and purified MBP
and PLP5? In addition, infected SJL mice also failed to make significant T-cell
proliferative responses to peptides representing the immunodominant T-cell
epitopes of mouse MBP (amino acids 84—104) and PLP (amino acids 139-151).
Finally, the course of demyelinating disease in SJL mice was not altered by a
tolerization regimen to the neuroantigens in whole spinal cord homogenate
coupled to spleen cells that prevents development of chronic relapsing EAE.60
Taken together, these observations argue against a role for autoimmunity during
TMEYV infection.

8. MULTIGENIC CONTROL OF DEMYELINATING DISEASE

Susceptibility to TMEV-induced demyelinating disease differs among inbred
mouse strains. In studies with tissue-culture-adapted virus, SJL, SWR, DBA/2,
and PL represent susceptible strains, whereas C57BL/6, C57BL/10, BALB/c, and
CH7L are resistant.5161 The availability of such inbred strains and a variety of
defined variants has permitted analysis of the genetic basis for virus susceptibility
to a much finer degree than is possible in humans, where many genetic variables
cannot be controlled. Comparisons of the resistant C57BL/6 and susceptible SJL
strains indicate that multiple genes are involved in determination of susceptibility,
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at least one in the H-2 complex and at least one that segregates independently of
H-2.61 The H-2 gene involved has been localized to the class I locus H-2D,50,62,63
but the non-H-2 gene(s) remain unidentified.

Differences at H-2 genes, however, do not always appear to be crucial to
determination of susceptibility. Recently, Melvold ¢t al.64 noted that in some strain
combinations, such as the susceptible SJL and the resistant BALB/c, H-2 geno-
types of segregating backcross animals do not correlate well with susceptibility,
which appears instead to be primarily determined by multiple non-H-2 loci. In
comparisons of the susceptible DBA/2 and the resistant BALB/c, the entire
genetic basis for susceptibility must rely on non-H-2 genes because both strains
carry the H-2d haplotype. Comparisons of the susceptible DBA/2 and resistant
C57BL/6 strains have indicated an important role for the H-2D locus and for a
non-H-2 gene (not involving the B chain of the T-cell receptor) in differential
susceptibility.6566 Analysis of recombinant-inbred strains (BXD) between the
DBA/2 and C57BL/6 strains indicated that this non-H-2 locus is located at the
centromeric end of chromosome 3 near the carbonic anhydrase-2 enzyme locus.

The predominant role of different loci in different mouse strains probably
reflects the involvement of many genes, and the disease process might be best
considered as resembling a metabolic pathway with several stages that can be
influenced by different gene products. In comparisons of particular strains,
analysis is affected by the facts that (1) only loci that are functionally different in
the two strains being compared can be identified (loci at which the strains are
functionally identical will have no detectable effects) and (2) the activity of some
genes may vary according to the “genetic environment” in which they exist being
influenced by the presence or absence of other genes. Thus, a satisfactory
description of the genetic control of susceptibility probably requires a composite
of numerous strain comparisons to identify a significant portion of the loci
involved. This also provides an analogous situation to human studies, where
particular HLA genes (e.g., DR2 and Drw2) have positive associations with
multiple sclerosis, but the relative risks are so low (ranging between 2 and 3) that
genetic factors other than HLA phenotype must also be involved.
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Neurotropic Retroviruses
of Mice, Cats, Macaques,
and Humans

MURRAY GARDNER, ANDREW LACKNER,
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1. INTRODUCTION

The prominent neurological manifestations associated with infection by the
human immunodeficiency virus (HIV) and the human T-lymphotropic retro-
virus (HTLV) have focused attention on the neurotropic properties of the family
Retroviridae. This family is divided into three subfamilies, the oncoviruses, the
lentiviruses, and the spumaviruses, each of which is known to infect the central
nervous system (CNS) of their natural animal hosts.! The only known naturally
occurring neurological disease caused by an oncovirus in animals is the spongiform
polioencephalomyelopathy caused by murine leukemia virus (MulV) discovered
in the early 1970s in a population of wild mice in southern California (for review,
see Gardner?). Since then, several strains of laboratory-derived, temperature-
sensitive, and mutant MulV have produced a similar disease experimentally in
mice and rats.3:4
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The prototype lentivirus disease of sheep, caused by visna virus, was de-
scribed in the mid-1950s.> The related caprine arthritis encephalitis virus
(CAEV) in goats was described about 1980.6 In retrospect, these animal lenti-
viruses served notice of pathogenic mechanisms? to be observed later with the
discovery of similar lentivirus infections in monkeys, cats, and humans. Table 6-1
lists the biological properties shared by the lentivirus infections of animals and
man. Visna is the subject of another chapter in this book (Chapter 4). We
summarize the MuLV-induced neurological disease in mice, briefly describe a
new example of latent, innocuous CNS infection caused by an immunosuppres-
sive type D retrovirus in macaques, and cover the neuropathology associated with
infection of macaques and cats with the simian and feline immunodeficiency
lentiviruses (SIV and FIV, respectively). These animal models of CNS retroviral
infection are briefly compared with the CNS infections caused by the HTLV and
HIV. We also call attention to the common recovery of latent, apparently harm-
less, spumaviruses in the CNS of animals and humans.

2. NEUROTROPIC MURINE LEUKEMIA VIRUS

The best-characterized model of a naturally occurring neurotropic retro-
virus is the hind leg paralysis caused by an infectious ecotropic strain of MuLV
indigenous in wild mice (Mus musculus).? This disease occurs in nature in a
population of MuLV high-expressor, lymphoma-prone wild mice inhabiting
squab farm near Lake Casitas (LC) in southern California.89 About 10% of aging
LC mice develop this neurological disease, with or without accompanying lym-
phoma, between 8 and 18 months of age. Ecotropic MuLV in high titer is uniquely
present in the serum and CNS of these paralyzed mice. Affected animals acquire
the ecotropic MulLV at birth, primarily from their mothers’ milk, and remain
viremic and immune tolerant to this virus throughout their lifetime.l® General
immunity, however, remains intact.

The main virus “factory” resides in the B-cell areas of the spleen; from there
virus spreads by cell-free viremia to the CNS. Splenectomy and passive immuniza-
tion early in life lower the amount of virus and prevent development of paralysis.!}

TABLE 6-1
Properties of Lentiviruses

. Long incubation period: Healthy carrier state

Wide disease spectrum

. Persistence in face of vigorous immunne response

. Viral regulatory genes control latency and activation
. Restricted virus expression

. Cytopathic effect: Syncytia, nononcogenic

. Neurotropism

. Macrophage tropism, “Trojan horse”

. High rate of envelope antigenic variation
Transmission by close physical contact
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In the CNS, ecotropic virus replication occurs in endothelial and perithelial cells
and eventually reaches a sufficient level to bind to and enter anterior horn
neurons and oligodendroglial cells in the lower spinal cord.!2-14 Abortive intra-
cytoplasmic virus replication, cell swelling (vacuolation), and death of affected cell
types follow. Endothelial, neuronal, and glial cell membranes may also be dam-
aged by the extracellular accumulation of ecotropic viral proteins, particularly
the envelope glycoprotein (gp70). The loss of anterior horn neurons in the
lumbosacral spinal cord results in a lower-motor-neuron type of flaccid paralysis
of both hind legs with fasciculations and secondary demyelination. Loss of
oligodendroglia leads to primary demyelination. The accumulation of intracellu-
lar and extracellular edema (spongiosis), the absence of any inflammation, and
the loss of anterior horn neurons with reactive gliosis in the lower spinal cord
account for the major histopathological features and prompt the naming of this
disease, “spongiform polioencephalomyelopathy.” Except for the presence of type
C particles, the vacuolar changes in the spinal cord of affected mice are remark-
ably similar to the vacuoles seen in the spongiform encephalopathies caused by
atypical agents such as scrapie, kuru, and Creutzfeldt—Jakob disease.

Lake Casitas wild mice also harbor another class of infectious MuLV called
“amphotropic” because of its wide in vitro host range for murine and nonmurine
cells.15.16 Like ecotropic virus, amphotropic MuLV is also acquired by congenital
maternal infection and is accompanied by specific immune tolerance. Ampho-
tropic MuLV is far more prevalent in LC mice than ecotropic virus, being present
in about 85% of the mice from birth. Although amphotropic viremia exists in
paralyzed LC mice, this class of MuLV is not uniquely associated with CNS
infection and paralysis, as seen with the ecotropic virus. Nor is amphotropic virus
required for replication or pathogenicity of the ecotropic virus.

Experimental transmission of biologically and molecularly cloned LC
MulLVs to laboratory mice has shown that the ecotropic MuLV alone is both
paralytogenic and lymphomagenic, whereas the amphotropic MulV is only
lymphomagenic.17-19 The experimentally induced neurological disease closely
mimics the natural disease in histopathology and clinical symptoms except that
the lesions often extend more rostrally into the upper spinal cord, brainstem, and
cerebellar peduncles. Virtually 100% of FV-1» (see below) laboratory mice are
susceptible to the experimental induction of the neurological disease with a latent
period of only several weeks to several months after inoculation of newborns with
concentrated virus. Mice that live longer may also develop lymphoma. Ampho-
tropic MuLV induces lymphoma in <20% recipient newborn mice after a latent
period of =10 months. The lymphomas induced by both viruses in wild and
laboratory mice arise in the spleen and are of B- or pre-B-cell origin.20 Inocula-
tion of laboratory mice in the newborn period is critical for transmission of
paralysis because development of immune competence after several days of age
prevents the ecotropic virus from replicating to sufficiently high levels in the
spleen and CNS.2!

Recombination of ecotropic MuLV with endogenous MuLV-related se-
quences, a feature of MulV-induced lymphomas in laboratory mice, is not
involved in the pathogenesis of the neurological disease.?2,23 Nor, apparently, is
derivation of mink cell focus (MCF)-forming recombinants, as seen in AKR
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inbred mice, a feature of natural lymphoma development in LC mice.17 However,
experimental passage of LC amphotropic or ecotropic MulV in laboratory mice
is associated with MCF-like recombination events in the spleen and results in
viruses with enhanced lymphogenicity or altered cell tropism.22.24-26 MuLV
recombination probably occurs less frequently in LC wild mice than laboratory
mice because of the stronger restriction in wild mice of endogenous xenotropic
MuLV-related proviral gene expression.!?

Sequence analysis of viral genomes of different pathogenicity and induction
of disease with viral chimeras have shown that the molecular determinants of
paralysis are a number of scattered amino acid alterations confined to the
envelope gene (gp70),27.28 whereas the determinants of lymphomogenesis are
distributed throughout the viral genome and include the LTR region.!® The LC
wild mouse viruses are more closely related to the Friend and Moloney strains of
exogenous MuLV than to the endogenous AKR-related MuLVs of laboratory
mice.2829 It seems likely that both Friend—Moloney and wild mouse ecotropic
viruses emerged from amphotropic MuLV of wild mice and have existed in mice
for many years as a separate group of totally exogenous retroviruses.10.28-30 This
close similarity probably explains why experimental induction of the spongiform
polioencephalomyelopathy has also been described with temperature-sensitive
mutants of Moloney MuLV and rat-passaged mutant strains of Friend MuLV.34
The similarities in natural history and neurotropism between the wild mouse
exogenous MulLVs and the exogenous leukemia virus of humans (HTLV) are far
more striking than those exhibited by the prototype AKR-related endogenous
MulLVs of inbred laboratory mice.3!

In laboratory mice the FV-1 locus is the principal dominant gene determin-
ing resistance or susceptibility to the experimental induction of paralysis or
lymphomas with the LC MulV.32 The LC MuLV are all N-tropic, so only
laboratory mice of FV-I» genotype are susceptible. Introduction of the FV-1
allele into LC mice by selective breeding with laboratory mice completely blocks
infection with LC MuLV and prevents lymphoma and paralysis.33 However,
segregation of this gene in LC wild mice cannot account for individual resistance
or susceptibility to their indigenous MuLV diseases because LC mice are mono-
morphic for FV-1~.

A dominant gene, different from the FV-1locus, was discovered segregating
in LC mice. This newly recognized gene powerfully blocked or restricted infec-
tion with all ecotropic MuLV including that of LC mice, which explains why only
10—-20% of LC mice are infected with this neurotropic virus and consequently at
risk for paralysis.3¢ The MuLV restriction gene was initially called Akvr-17,34.35
but it was later shown to be allelic with36 and phenotypically and sequence
identical to the FV-4R restriction gene found on chromosome 12 in Japanese wild
mice (Mus molossinus).37-39 Presence of this identical gene in wild mice from Japan
and California is probably the result of interbreeding in recent times. The FV-4
gene represents an endogenous defective MuLV provirus encoding an ecotropic
MulLV-related envelope gp70, which occupies cell surface receptors and inter-
feres with entrance into the cell of ecotropic MulV.35:38-40 All ecotropic MuLV
use the same receptor and thus are blocked by this gene.
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About 75% of LC mice carry at least one of these dominant alleles34 and are
thus resistant to infection with ecotropic MuLV and development of paralysis.
These mice are not resistant, however, to late-occurring lymphomas because the
FV-4 gene does not block infection with amphotropic MulV. This type of
endogenous provirus interference gene was first described for avian leukosis virus
infection of chickens.4! Although FV-4% apparently does not occur in North
American laboratory mice, a similar interference gene for MCF MuLV has been
described in DBA inbred mice.42 Whether or not this type of leukemia virus
restriction gene exists in other animal retrovirus models or in humans remains to
be determined.

In summary, the neurotropic oncovirus, an exogenous ecotropic MuLV of
LC wild mice, and the resultant spongiform polioencephalomyelopathy exem-
plify the result of a direct, “slow viral,” nonimmunogenic, noninflammatory
injury primarily to anterior horn neurons in the lower spinal cord. Although this
is clearly caused by maternally transmitted infectious MuLV, the major determi-
nant of this naturally occurring retroviral neurological disease is a dominant host
cell gene (FV-4R) segregating in LC feral mice that represents a defective provirus
and blocks infection by interference at the cell surface receptor level.

3. NEUROTROPIC TYPE D RETROVIRUS OF MACAQUES

Type D retroviruses, related to the prototype Mason Pfizer monkey virus, are
highly prevalent in macaques, which are their natural host, and are an important
cause of a potentially fatal acquired immunodeficiency syndrome (SAIDS) in
rhesus and other species of macaques in many primate facilities (for review, see
Gardner and Marx#3). Although apparently not associated with neurological
disease, this virus does cause a latent parenchymal infection of the monkey CNS
and a productive infection of choroid plexus epithelial cells in vivo.44.45 The type
D viruses are nononcogenic, exogenous, and horizontally transmitted, mainly by
percutaneous inoculation of saliva via biting and scratching.46 The virus can be
readily transmitted experimentally to juvenile macaques,*7 and fatal SAIDS has
been induced with molecularly cloned virus.4® Three serotypes of type D virus
have been molecularly cloned and totally sequenced. Two additional serotypes
have recently been discovered. Serotype 1 (SRV-1) causes SAIDS in macaques at
the California and New England Primate Centers. Serotype 2 (SRV-2) causes
SAIDS and retroperitoneal fibrosis in macaques at the Oregon and Washington
primate centers.#® Natural disease resistance correlates with presence of SRV
humoral antibody, including neutralizing antibody,5? and solid protection against
the experimental induction of SAIDS is provided by a formalin-killed SRV-1
vaccine.5!

In SRV-1-infected macaques the virus is widespread in tissues with an affinity
for germinal centers of lymphoid organs, secretory epithelial cells, and epithelial
cells in the germinative cell layers of the upper and lower digestive tract.52 SRV-1
also has a broad cell tropism for rhesus B cells, T helper and suppressor cells,
macrophages, and fibroblasts as well as human B and T cell lines.53 The cellular



98 M. GARDNER et al.

receptor for type D viruses is as yet unknown, but the gene for this receptor on
human cells has been mapped to chromosome 19q135¢; the same receptor is used
by the endogenous type C retroviruses of cats and baboons (RD114 and BaEV,
respectively). Except for fusion of human B cells (Raji), there is no direct
cytopathology associated with in vitro infection with these type D viruses. Syncy-
tial giant cells are not noted in vivo in SRV-induced SAIDS. The mechanism of
lymphoid depletion and fatal immunosuppression induced by these viruses re-
mains undetermined, but it must involve indirect mechanisms, some of which
may be shared with the pathogenesis of HIV and SIV infection.55

Of interest is the evidence for latent CNS infection with SRV-1.4445 Viral DNA
and RNA are readily detected by Southern blot and in situ hybridization, respec-
tively, in the brain parenchyma of rhesus monkeys with SAIDS in the complete
absence of viral antigen, infectious virus, neurological symptoms, or neuropathol-
ogy, including a total lack of inflammatory cells. The neural cell types harboring
the viral nucleic acid remain unidentified. In these same animals, virus DNA,
RNA, antigen, particles, and infectious virus are readily demonstrable in lym-
phoid organs and salivary glands, and cell-free infectious virus can usually be
isolated from the cerebrospinal fluid (CSF). The probable source of virus in the
CSF is the choroid plexus, where approximately one in 1000 surface epithelial
cells contain viral antigen.45 Antibodies against SRV-1 are not detected in the CSF
even when present in serum, and the CSF contains no cells or alteration in IgG
and albumin levels.

The absence of infectious SRV-1, viral antigen, and lesions in the brain
parenchyma, despite the detection of SRV-1 nucleic acid in occasional parenchy-
mal cells, suggests that the infection is truly latent and innocuous in the CNS. The
virus probably enters the brain parenchyma from the CSE, where it arises from
productively infected choroid plexus epithelial cells, which, in turn, are probably
infected from the bloodstream. It would be interesting to understand better the
molecular mechanisms accounting for the profound restriction of SRV-1 expres-
sion in these neural cells. Whether or not this latent CNS virus may become
activated later in life and lead to neurological disease in older monkeys remains to
be determined. These type D retroviruses may yet find relevance in relation to
neurological disease in monkeys and humans.

4. SIMIAN IMMUNODEFICIENCY VIRUS

Simian immunodeficiency virus (SIV) represents a group of African monkey
lentiviruses that are the closest known animal relatives to HIV (for review, see
Gardner ¢t al.%8). In their natural hosts, which include sooty mangabeys, African
green monkeys, mandrills, talapoins, DeBrazza’s monkeys, and probably other
Cercopithicus species,53.69 the virus apparently exists as an exogenous non-
pathogenic infection. The origins of SIV and HIV remain uncertain because
closely related DNA sequences have not as yet been identified in primate or
nonprimate species.56 Remarkably, an AIDS-like disease results when the SIV is
introduced, inadvertently or purposefully, from an African monkey into an
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Asian macaque species, e.g., rhesus monkeys, as appears to have occasionally
occurred in several US. primate centers.57-59.6¢ Macaques are very susceptible
to infection with SIV, which uses the same CD4 receptor as HIV.6! Depending
on their ability to mount an immune response to the virus, the infected ma-
caques experience either a relatively short clinical course of several months or a
more prolonged chronic infection lasting 1-3 years.60 The median period of
survival appears to be about 9-12 months. Death inevitably occurs, associated
with wasting, diarrhea, lymphoid depletion, loss of CD4 helper cells, opportunis-
tic infections including activated cytomegalovirus (CMV) and adenovirus, and
lymphomas. Table 6-2 summarizes the major features of SIV infection of ma-
caques.

Of particular interest are the syncytial giant cells noted in the lungs, lymph
nodes, spleen, brain, and other organs of SIV-infected macaques. In the CNS,
perivascular infiltrates of foamy macrophages and multinucleated giant cells are
present throughout the white and gray matter of the brain and spinal cord. These
giant cells in brain and spleen contain SIV antigen and lentivirus particles.58.65.66
Although formation of syncytial giant cells throughout the body is not a feature of
HIV infection of humans, identical giant-cell-containing lesions do characterize
the neuropathology of HIV encephalitis.6? In addition to SIV-induced giant-cell
encephalitis, neuritis associated with activated CMV is also observed in affected
rhesus monkeys. Opportunistic infections such as toxoplasmosis and progressive
multifocal leukodystrophy (simian virus 40) have also been seen in stumptailed
macaques seropositive for SIV.

In summary, SIV infection of macaques represents a new experimental

TABLE 6-2
SIV Infection of Macaques: Major Features

Lentivirus: same genetic organization and 50—75% sequence homology with HIV-1 and HIV-2;
nonpathogenic in natural host—certain species of African monkeys (Cercopithecus); exogenous;
origin unknown

Persistent infection of all recipients: dose independent

Experimentally transmissible infection via genital mucosa

Long incubation period: months to years

100% mortality: 3 months to 3 years

Vigorous humoral immune response to core and envelope antigens: immune response affects
survival period

Decrease in core antibody precedes clinical decline

Cytopathic in vitre: syncytia

Restricted cell tropism: T4 cells, macrophages

Restricted virus expression in vitro

Tissue distribution of virus similar to HIV

Pathology similar to HIV including neuropathology: syncytia

Opportunistic infections and B-cell lymphomas as in AIDS

Strain variation, mostly in envelope
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model system with many similarities to AIDS, especially in respect to the neuro-
pathology. The CNS lesions of SIV infection in macaques are virtually identical to
HIV encephalitis. Although natural history features, cofactors, and the like
remain to be better defined, this experimental system offers, at this time, the most
parallels with HIV infection of the human CNS.68 This represents a very valuable
nonhuman primate model system for developing new therapeutic and preventive
approaches to lentivirus-induced immunosuppression and neurological disease.
Understanding how these viruses remain nonpathogenic in their natural host,
African monkeys, while producing fatal immunosuppression in the experimental
host, macaques, might provide the key to the riddle of HIV pathogenesis and
AIDS.55 Many new SIV isolates have been recently obtained from healthy African
green monkeys from Africa,59.70 and one of these isolates has been molecularly
cloned and totally sequenced.”! Sequence comparison of various SIV, HIV-1, and
HIV-2 isolates and search for related endogenous sequences in various primate
and nonprimate animals will also help determine the possible origin and evolu-
tion of HIV.

5. COMPARISON OF ANIMAL MODELS OF CNS RETROVIRAL
INFECTION WITH CENTRAL NERVOUS SYSTEM INFECTIONS
CAUSED BY HUMAN RETROVIRUSES

5.1. Human T-Lymphotropic Virus I

HTLV-I appears to be the etiologic agent of the endemic tropical myelo-
neuropathies, which include several clinical syndromes with overlapping fea-
tures: tropical spastic paraparesis (TSP), tropical ataxic neuropathy (TAN), and
HTLV-I-associated myelopathy (HAM).72 The neuropathology of these disorders
is manifested mainly at the spinal cord level and features chronic inflammation
with perivascular cuffing, demyelination with reactive gliosis, and secondary
spongiform changes in the white matter of the posterior columns and pyramidal
tracts.’3 The pathogenesis of the HTLV-I myeloneuropathies remains to be
determined.

The location of these spongiform changes in the myelin sheaths rather than
neurons, the lack of virus in motor neurons, and the presence of intense inflam-
mation indicate that the pathogenesis of HTLV-I-associated neurological disease
is clearly different from the spongiform polioencephalomyelopathy of MuLV-
infected wild mice. Possibly, the mechanism of the HTLV-1-associated myeloneu-
ropathies may resemble that of visna or CAEV in sheep and goats in that it
reflects, in part, an immunogenic inflammatory response to virus antigens in
association with Ia (class II MHC) antigens on CSF lymphocytes or monocyte/
macrophages in the CNS, which is consistent with the detection of HTLV-I
antigen and nucleic acid in CSF as well as peripheral blood lymphocytes and anti-
HTLV-I oligoclonal antibodies (IgG) in serum and CSF.7¢ Direct infection of
neural cells with HTLV-I has not, as yet, been demonstrated in the limited
number of autopsies done on affected individuals. Further study may show,
however, that HTLV-I does indeed infect neural tissues.
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5.2. Human Immunodeficiency Virus

Central nervous system diseases specifically related to HIV infection and
dementia include aseptic meningitis, subacute encephalitis, and vacuolar myelop-
athy.” Grossly, the brain shows mild to moderate atrophy with diffuse myelin
pallor. The characteristic histopathological features of HIV encephalitis include
diffuse gliosis with focal necrosis of gray and white matter, perivascular mono-
nuclear cells, formation of microglial nodules and multinucleated giant cells, and
demyelination of white matter. T4 receptors may be expressed on neural and glial
cells,’6.77 and glioma cell lines are susceptible to HIV infection in vitro.78.79

The human immunodeficiency virus has been demonstrated in the CNS by
electron microscopy, immunohistochemistry, and iz situ hybridization in mono-
cytes, macrophages, and giant cells, and the intrathecal production of HIV-
specific immunoglobulin has been detected.80.8! Similar evidence also suggests
the presence of HIV in capillary endothelial cells in the CNS and, less commonly,
in glial and neural cells. However, productive HIV infection of neural and glial
cells does not appear to be a major feature in the pathogenesis of AIDS dementia.
Apparently, the vacuolar myelopathy, which is most prominent in the white
matter of the posterior and lateral columns of the thoracic spinal cord, also does
not involve neurons. The monocyte/macrophage is, thus, the predominant cell
type in the brain infected by HIV. In this respect, HIV neuropathology is similar
to other lentiviruses (visna virus, CAEV, SIV) and distinctly different from the
gray matter spongiosis and neuronal infection seen in MuLV-infected wild mice
and different from the prominent chronic inflammatory response and demyelina-
tion seen in HTLV-I-associated myeloneuropathies. Replication of virus in brain
endothelial cells is, however, a prominent feature of the MuLV wild mouse
neurological disease.

The pathogenesis of HIV CNS damage is not well understood, but it
probably reflects primarily the indirect effects of HIV infection of blood mono-
cytes, macrophages, and endothelial cells in the CNS rather than neuronal or glial
infection (for summary, see Ho et al.82 and Price et al.83). After activation or
terminal differentiation, infected blood monocytes and macrophages in the CNS
may release monokines or proteolytic enzymes that are toxic to neural cells and
induce further inflammation or increase capillary permeability. The HIV env
gpl20 may block the neuronal binding of neurotropic factors such as neuro-
leukins®4 or neuropeptides such as the vasoactive intestinal peptide?’” and thereby
lead to neurological dysfunction. Genetic variation of HIV in vivo may result in an
increased tropism for monocytes/macrophages and glial cells and an increased
neurovirulence.85.86 The HIV-associated lymphoid depletion probably accounts
for the less intense chronic inflammatory response in the CNS than seen in the
brain of lentivirus-infected sheep or goats.

6. SPUMAVIRUSES

The spumaviruses (foamy viruses) have been isolated from healthy and
diseased animals including chickens, cattle, sheep, cats, monkeys, apes, and
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humans.87 Of particular note is their regular presence in brains of chimpanzees
and humans.88-90 Although they are not linked to any disease, there is evidence of
associated immunosuppression in experimental animals8’ and possibly malig-
nant transformation of human cells in vitro.9! Sequence analysis of a human
spumavirus shows an overall genomic organization more similar to lentivirus than
oncovirus.%2 In cell culture, spumaviruses cause syncytia and vacuolar degenera-
tion in a wide range of cell types. It is important to be aware of these agents so as
not to confuse them with other more pathogenic retroviruses. Indeed, simian
foamy virus has been isolated together with HIV-1 from lymphocytes of HIV-1-
infected chimpanzees, and the foamy virus has identical reverse transcriptase
activity and causes similar cytopathic effects in H9 cells.8¢ Further investigation
may yet link the spumaviruses to disease in animals and man.

7. FELINE IMMUNODEFICIENCY VIRUS

A lentivirus belonging to the same subfamily as HIV and SIV was isolated in
1987 from a group of domestic house cats suffering from an AIDS-like syn-
drome.9 The virus was initially called feline T-lymphotropic virus (FTLV), but, in
keeping with the new international nomenclature, it is now designated feline
immunodeficiency virus (FIV). The FIV closely resembles HIV and SIV in its in
vitro T-lymphotropism, Mg2*-dependent reverse transcriptase activity, protein
composition, and ultrastructural morphology. However, it is not antigenically
related to HIV-1, HIV-2, of SIV. It is also unrelated to feline leukemia virus. In
nature, the virus is transmitted mainly by contact during fighting. Infection and
disease are, therefore, most common in stray male cats. Experimental infection is
readily transmitted by parenteral inoculation of blood, plasma, or infectious
tissue culture fluids.

Pathological changes, mostly caused by opportunistic infections, in naturally
infected and experimentally infected cats are primarily noted in the oral cavity,
nasal passages, intestinal tract, and skin.%¢ Clinical neurological signs consisting
primarily of behavioral changes such as rage or dementia are observed in fewer
than 20% of FIV infected cats, but CNS involvement does not appear to represent
a major disease manifestation. Only minor histopathological lesions are noted in
the CNS, although FIV can readily be isolated from the CSF. The CNS lesions are
apparently not similar to those observed in association with MuLV or the other
animal lentiviruses (visna virus, CAEV, SIV) or HIV. The most common finding is
choroid plexus fibrosis, occasionally accompanied by mild lymphoplasmocytic
inflammation. Although this is a common finding in old cats, many FIV-infected
cats showing this feature were less than middle-aged. Another feature, seen in
about 70% of FIV-infected cats, is eosinophilic or amphophilic circular to ovoid
hyalin bodies 6—30 pm in diameter in the superficial layer of the cerebral cortex.
The relationship of these lesions to FIV infection is undetermined. More observa-
tions are required to fully describe and evaluate the CNS lesions associated with
FIV infection of cats.
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8. SUMMARY

This chapter has briefly reviewed six animal models of retrovirus CNS
infection and compared them to infection of the human CNS by HTLV-I and
HIV. The main neuropathological features and mechanisms of injury associated
with retroviral CNS infection in these animal models and in humans are summa-
rized in Table 6-3. Damage to the CNS from retrovirus infection apparently can
result from several mechanisms, including (1) direct noninflammatory viral
damage to motor neurons, as seen in MulLV-infected feral mice, (2) chronic
inflammation with destruction of parenchymal tissue in response to virus infec-
tion in the CNS, as seen in HTLV-I-associated myeloneuropathies, (3) a combina-
tion of direct viral injury and, perhaps more importantly, indirect effects medi-
ated by virus infection of blood-derived mononuclear (macrophage) cells and
possibly capillary endothelial, glial, and neural cells, as seen in HIV dementia and
the lentivirus infections of sheep, goats, and monkeys. Type D retrovirus and
spumavirus latent infections of the CNS have yet to be associated with neurologi-
cal disease in animals or humans. It is likely that yet more retroviruses will be
found in association with neurological disease of animals and man. The existing
animal models of retroviral CNS infection, especially the SIV macaque system,
will serve a very useful function in understanding pathogenic mechanisms and
developing better therapeutic and preventive measures that are applicable to
human AIDS.
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Scrapie
Unconventional Infectious Agent

RICHARD I. CARP

1. SCRAPIE BIOLOGY

In 1954, Bjorn Sigurdsson, an Icelandic virologist, summed up a series of
experiments that he had been conducting on a number of diseases of sheep,
including visna and scrapie.! In comparing his results with those obtained in the
burgeoning field of virology, Sigurdsson proposed a new category of infectious
diseases, slow infections. He proposed three criteria for slow infections: (1) a very
long incubation period lasting from several months to many years; (2) a regular,
progressive, and protracted course after the appearance of clinical signs that
almost invariably ends in death; and (3) limitation of infection to a single host
species and histopathological changes to a single organ or tissue system.
Sigurdsson correctly predicted that the third criterion would not stand the test of
time, and results on this are detailed later.

The characteristics of these diseases that differentiated them from other
types of virus infections were also detailed: for acute versus slow infections, the
distinguishing characteristic was simple, the length of the incubation period; for
chronic versus slow infections Sigurdsson stressed the precision of the events
leading to disease and death in the latter. We quote his comments on slow
infections:

They are chronic mainly in the sense that they are slow. On the other hand, these

diseases follow a course which is just as regular as the course of the acute infections,
only the time factor is different. In the first place the so-called incubation period,
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although extremely long, apparently does not vary within very wide limits. The
appearance and the progression of the clinical signs follow a set pattern.

Certainly, subsequent work on experimental scrapie has documented the preci-
sion of events during the course of the interaction between specific strains of
scrapie and the specific host.2-5 Dickinson and colleagues have referred to a
“clockwork” predictability in the disease process. Part of the reason for the
predictability is the fact that the host does not appear to mount an effective
defensive response to the infection; this is discussed in detail below. Key differ-
ences between unconventional slow infections and those that would be categorized
as acute, chronic, persistent, or latent are noted in Table 7-1.

Two sheep diseases studied by Sigurdsson became the archetypes for the two
types of slow infections of the central nervous system (CNS). Visna (see Chapter 4)
is the archetype for the conventional slow infections, whereas scrapie is the arche-
type of the unconventional diseases. The latter group includes three diseases that
affect humans—kuru,® Creutzfeldt—Jakob disease (CJD),” and Gerstmann—
Straussler syndrome8—and four that are natural diseases of animals—scrapie,
transmissible mink encephalopathy,® chronic wasting disease of mule deer and
elk,1011 and a newly discovered disease of cattle termed bovine spongiform
encephatholopathy.l2 Among the unconventional group, most experimental work
has been done with scrapie, and in those instances in which comparable experi-
ments have been done with other unconventional diseases and agents, the results
have been similar to those obtained with scrapie. This chapter focuses on the
archetype of these diseases, scrapie, unless otherwise noted.

Scrapie is a natural disease of sheep and goats. The causative agent can also
produce disease when introduced experimentally in a variety of small laboratory
animals such as mice, hamsters, and rats. It has been demonstrated that under
field conditions, scrapie is readily transmissible.13.14 An example of this is shown
in Table 7-2, reproduced from results obtained by Dickinson. In this experi-
ment 75 Scottish blackface sheep were obtained from several farms in the
Edinburgh area in which scrapie had not been seen for a number of years. The
total number of sheep in these flocks was >18,000. Several years after these 75
animals were placed in fields containing Suffolk sheep in which scrapie was
endemic, 21 of the Scottish blackface sheep developed scrapie.

The mechanism(s) involved in transmission of scrapie are not known. A likely

TABLE 7-1
Distinguishing Characteristics of Unconventional Infections
Type of Main characteristic that distinguishes this type of infection
infection from unconventional slow infections
Acute Short incubation period
Chronic Neither clinical course nor incubation period is predictable

Persistent  Continuous production of virus in the absence of clinical manifestations
Latent Incubation period in unpredictable; environmental factors play a role
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TABLE 7-2
Incidence of Scrapie Disease in
Scottish Blackface Sheep
with and without Exposure
to Scrapie-Positive Suffolk Sheep

History Incidence
Exposure 21/75
No exposure 0/>18,000

mechanism can be proposed from several facts that are known: (1) experimen-
tally, scrapie can be transmitted by the oral route,15-17 as can CJD18; (2) for
scrapie, we know that the placenta contains high levels of infectivity!6; and (3)
sheep have a tendency to eat placenta.!6 These findings suggest that the oral route
is a likely means of natural transmission. Maternal transmission also plays a role in
the spread of scrapie. In reciprocal crosses, lambs obtained from scrapie-positive
ewes were more likely to develop disease than were lambs from scrapie-positive
rams.!419 Furthermore, lambs removed from scrapie-positive ewes at birth and
reared in an area away from postnatal contact with scrapie agent developed
disease.1? A remarkable example of our lack of understanding of the mechanisms
involved in the epidemiology of scrapie can be derived from quarantine efforts
done in Iceland.20 Fields that had contained infected sheep were depopulated
and allowed to remain free of sheep and goats for 1-3 years. The fields were then
repopulated with sheep from flocks that did not then or subsequently show
scrapie disease. Some of the sheep placed in those “contaminated” fields devel-
oped scrapie disease.20 Do these data imply that there is a vector or an alternate
host? Does the remarkable resistance of scrapie infectivity to inactivation (see
Section 7) play a role? Could infectivity have persisted on contaminated fence
posts, etc., throughout the time when fields were empty?

2. DISEASES ASSOCIATED WITH NERVOUS SYSTEM INFECTION

There is only a single disease associated with the scrapie agent, and that
disease appears to be based on effects on the CNS. The clinical manifestations of
the disease, with an exception noted later, always include incoordination and
ataxia that progress to paresis, paralysis, and eventual death. There are recogniz-
able differences in clinical symptoms that are dependent on the strain of agent
and on the host affected. For example, there is a scratchy form of goat scrapie and
a drowsy form.!9 The early finding of genetic differences in clinical manifesta-
tions in the natural disease preceded findings of genetic differences in experi-
mental scrapie, which are discussed in Section 3.5. In sheep there is the tendency
of animals to scratch against fence posts and other hard objects; this phenomenon
prompted farmers to give the disease its name. In contrast, in experimental
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animals such as mice and hamsters, scratching is not seen in most scrapie strain—
host combinations. In mice, we provide a test requiring good coordination,
traversing a series of narrow parallel bars, as a sensitive indication of incoordina-
tion and thus an early monitor of clinical scrapie disease.2! Hamsters injected
with the most commonly used hamster-adapted agent (263K) develop charac-
teristic head bobbing and erratic movements as early signs.

Recent data from our laboratory combined with a variety of observations
noted in the literature suggest that there may be an entire panoply of nonmotor
signs that have thus far received little attention. In certain scrapie strain—mouse
strain combinations obesity develops during the preclinical phase of disease.2!
The increased weight is caused by an accumulation of fat and not by an overall
enlargement of the animal?! or of visceral organs. The induction of obesity is
augmented by direct injection of the agent in the hypothalamus?? and can be
countered by removal of the adrenal glands.23.24 There is adrenal cortical hyper-
trophy. Thus, it appears that scrapie-induced obesity is a function of an effect on
the hypothalamus—pituitary—adrenal axis. The obese animals showed an inability
to process a glucose overload effectively. The level of glucose after an overload
was consistently high in obese mice and in some instances was sufficiently high
(greater than 5 S.D. above normal) to qualify as diabetic.24

Obesity is also seen in some scrapie strain—hamster combinations. However,
there are marked differences from the situation in mice.242 With regard to
glucose metabolism, hamsters show hypoglycemia and marked hyperinsulin-
emia. In mice there are no changes in the pancreas, whereas hamsters show an
increase in the number of islets of Langerhans, with marked hypertrophy and
hyperplasia of islet cells. In mice the late period of clinical disease results in a loss
of weight, whereas in hamsters animals continue to gain weight. Finally, hamsters
injected with those strains that induce obesity (139H, 22CH, ME7H) show very
little incoordination but rather become listless and slow-moving. It appears that
clinical manifestations of the disease induced by some scrapie strains in hamsters
are different from those seen in mice and different from those seen in other
scrapie strain—hamster combinations. In those combinations that show obesity
and very little incoordination, an endocrine or neuroendocrine process rather
than a motor process seems to be the primary manifestation of disease.

There are additional changes seen in scrapie-injected animals that do not
appear to be related to motor function (Table 7-3). Behavioral changes have been
noted early in the incubation period; these include changes in eating and
drinking,25 in emergence times,26 in defecation scores,?? and in open-field and
Y-maze tests.28 In a little-noted study, luteinizing changes in ovaries and alteration
of coat color were seen.29 The ovarian changes occurred late in the disease and
were accompanied by very low scrapie infectivity titers in the ovaries. The author
postulated that the ovarian changes were caused by an effect on a neuroendocrine
system.

The wide spectrum of nonmotor changes seen in different scrapie strain—
host combinations is not surprising. The concept that there is specific targeting to
cells (almost certainly neurons) with differing capacities and/or different loca-
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TABLE 7-3

Changes in Scrapie-Injected Animals that Are Not Based on Motor Function
Change Characterization ~ Reference
Obesity Clinical 21
Hyperglycemia Clinical 24
Hypoglycemia—hyperinsulinemia Clinical 24a
Emergence times Clinical 26
Defecation scores Clinical 27
Open field and Y-maze Clinical 28
Alteration of coat color Clinical 29
Ovarian dystrophy Histopathological 29
Adrenal cortical hypertrophy Histopathological 22
Increase in number and size of islets of Langerhans Histopathological 24a
Hypertrophy and hyperplasia of the islets of Langerhans Histopathological 24a

cells

tions within the CNS comes from a number of studies. Using several scrapie
strains and inbred mouse strains, Fraser and Dickinson and their colleagues
established that the pattern of vacuolation in the brain was a function of both
scrapie strain and mouse strain.430 For example, whereas some combinations
yielded extreme vacuolation in the cerebellum, others did not; some combina-
tions showed extensive white matter vacuolation, but others showed none.* By the
intraocular route,3! stereotactic injection of the cerebellum, or stereotactic injec-
tion of the nigrostriatum,32:33 it was possible to get regional targeting of vacuola-
tion31.32 and/or the induction of a specific clinical manifestation.32.33

Kimberlin and Walker34.35 have proposed that there are clinical target areas,
i.e., areas within the brain that when affected by scrapie lead to clinical disease.
This theory was confirmed by stereotactic injection into different brain areas.32
Kim et al.32 were also able to show that the area of the brain infected that resulted
in the shortest incubation period differed with different scrapie strains, further
supporting the concept that there is scrapie-strain-specific targeting to different
cells, most probably different types of neurons.36 Finally, Beck et al.37 noted that
vacuolar changes in scrapie-affected sheep were seen primarily either in the
cerebellar motor system or the hypothalamoneurohypophyseal system. Effects
on the latter system correlated, in part, with clinical manifestations of obesity. The
authors suggested that scrapie in sheep could yield motor or “metabolic and
autonomic disturbances” or, in some instances, both. All of these findings point to
some form of specific targeting for the scrapie agent within the brain and to the
fact that this targeting can differ depending on the scrapie strain—host combina-
tion. In turn, the difference in targeting can lead to different clinical manifesta-
tions. This concept has implications with regard to the potential of unconven-
tional slow infections of animals to serve as models for a variety of human
diseases.
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3. PATHOGENESIS

3.1. Pathogenesis and Route of Injection

The pathogenesis of experimental scrapie follows two distinct patterns
depending on the route of injection: one pattern is seen with intracerebral (i.c.)
injection, and a different pattern with all other (non-CNS) routes. In both
patterns there is extensive replication at the site that leads to disease, the brain, as
well as early replication in the organs of the lymphoreticular system (LRS), such as
the spleen and lymph nodes.38.39 For the CNS route, replication in the LRS is
irrelevant as far as disease progression is concerned, whereas for non-CNS routes
spleen and lymph nodes play a role in the time required for the initiation of
clinical disease. Early experiments in mice established that the infectivity of
scrapie after subcutaneous injection reached high titers in spleen and lymph
nodes long before infectivity was detectable in the brain.38 The role of the LRS
organs in pathogenesis was explored by a series of splenectomy studies.40-42 A
sample of our data in this area is shown in Table 7-4. The basic finding was that
splenectomy prior to peripheral (non-CNS) injection significantly lengthened the
incubation period. In contrast, splenectomy prior to CNS injection had no effect
on incubation period. Finally dh/dh mice, which are genetically devoid of a spleen,
have longer incubation periods after injection by a peripheral route than do +/dh
or +/+ mice, which contain spleens.43

3.2. The Cell Type Involved in Early Steps of Pathogenesis

By use of a number of immunomodulators it was shown that administration
of drugs at the time of or just prior to peripheral injection alters the scrapie
incubation period. With the typical perversity of scrapie, the results are opposite
to those seen in most standard virus diseases in that drugs that primarily cause
immunostimulation such as phytohemagglutinin,4¢ methanol extraction residue
of BCG,# and human lymphokines,#6 which usually ameliorate virus diseases,
shorten scrapie incubation periods. In contrast, prednisone, an immunosuppres-
sant, extends the incubation period.4” The effect of these drugs is not seen after
i.c. injection of scrapie. In another study using a mouse-adapted agent obtained

TABLE 7-4
Effect of Splenectomy on the Incubation Period
of Intraperitoneally Injected ME7 Scrapie Strain

Experiment Number Incubation period Difference from control,
no. Treatment of mice (days) (mean = S.E.) P value
1 Control 8 198 + 10
Splenectomy 15 250 = 10 <0.01
2 Control 12 271 £ 7

Splenectomy 21 334 £ 8 <0.001
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from a CJD patient, high-infectivity titers of agent are found in low-density
lymphoblastoid cell fractions from density-gradient-separated splenocytes.48

All of the above data suggest that the cell of the LRS that is important is one
of the immunocompetent cell types. Compelling counterarguments can be raised
using several lines of investigation. In a long series of irradiation studies, Fraser
et al.49.50 show that the key LRS cell in scrapie pathogenesis has to be relatively
radiation resistant and long-lived, clearly not characteristics of T and B cells or
their progenitors. Secondly, in a study of fractionated spleens from scrapie-
infected mice, most of the infectivity is associated with the stroma fraction rather
than the pulp fraction.5! Depletion of T cells has no effect on the scrapie
incubation period, clinical course, or pathology.52 Finally, in recent unpublished
results (R. I. Carp and S. M. Callahan, in preparation) from in vivo experiments,
the level of infectivity on a per cell basis was much higher in adherent than in
nonadherent splenocytes. In a second set of experiments, unfractionated thymo-
cytes, unfractionated splenocytes, and T-enriched and T-depleted fractions of
splenocytes from normal mice were exposed to agent in vitro. In each preparation
scrapie infectivity decreased at a significantly greater rate in the presence of cells
than in scrapie aliquots incubated in the absence of cells. The effect was not
reversed by addition of phytohemagglutinin or lipopolysaccharide. The rate of
loss was greater in culture medium than in cell pellets from scrapie-exposed
lymphoid cultures (R. I. Carp and S. M. Callahan, in preparation).

In reviewing the data on drug treatments that modulate scrapie patho-
genesis, Outram postulates a “Trojan horse” concept in which a cell that ordi-
narily acts to protect the host acts to further the progression of the scrapie disease
process after peripheral injection.53 The concept that this cell type is not present
during the first few days of life in the mouse is used to explain results after
neonatal injection of scrapie.5455 In these studies, intraperitoneal (i.p.) injection
of neonates leads to an extremely large variation in incubation period times, with
most mice having a much longer incubation period than mice injected as wean-
lings and a few mice having a shorter incubation period than weanlings. It also
results in some neonatally injected mice surviving what would be lethal doses for
weanling mice.

Investigation of the role of the macrophage in scrapie pathogenesis has led to
conflicting conclusions. On one hand, in vitro evidence suggests that peritoneal
macrophages inactivate scrapie.56.57 These data are supported by the finding that
the incubation period of mice injected i.p. with scrapie 5 days after thioglycollate
is significantly longer than if scrapie is preceded at 5 days by injection of
phosphate-buffered saline.58 Five days post-injection is the time when thioglycol-
late stimulates the maximum influx of macrophages into the peritoneum. There
is no effect of prior thioglycollate treatment on the incubation period after i.c.
injection of scrapie. These studies corroborate the in vitro studies and suggest that
peritoneal macrophages affect pathogenesis by inactivation of some of the input
infectivity.

In contrast, several other studies in which stimulation of peritoneal macro-
phages is followed by i.p. injection of scrapie failed to show an increase in the
incubation period.59:60 In addition, the findings with dextran sulfate administra-
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tion show a marked lengthening of incubation period even when the drug is given
as long as 1 month prior to or as much as 2 weeks after scrapie injection.6! The
drug persists over this time span in macrophage-like cells in the spleen and lymph
nodes. The studies with dextran sulfate suggest that macrophage-type cells are
important in an early step of scrapie pathogenesis by directly abetting either
replication of the agent or its dispersal to sites where replication occurs. Inter-
pretation of the findings noted above is complicated by the fact that other
compounds (e.g., silica, trypan blue) that destroy the phagocytic activity of
macrophages have no effect on scrapie incubation periods or mouse survival
rates.61 It is known that macrophages from different organs can function differ-
ently in their interactions with viruses,52 so the contradictory results obtained for
splenicé! and peritoneal%6-58 macrophages may be a function of the location of the
cells. This potential difference could be related to the fact that peritoneal
macrophages are circulating, whereas many of the macrophage-type cells in the
spleen would be stationary.

In summary, the key cell in the LRS that is important in scrapie pathogenesis
remains a mystery. Clearly, the LRS organs play a role. It appears that cells that
are radiation resistant and long-lived are important. Therefore, the effect of
immunomodulators on the scrapie incubation period must be mediated through
cells other than T and B cells. It is possible that the macrophage/histiocyte group
of cells is important and that different types within this group play different roles.

3.3. The Spread of Infectivity in the Infected Host

In natural disease the site of entry of the scrapie agent is unknown. As stated
previously (Section 1), there is strong evidence that the oral route of entry is a
possibility.15-18

There must be two phases of spread within the naturally infected host: in the
first, the agent must get from the port of entry to the spleen and lymph nodes, and
in the second phase, infectivity must move from the LRS organs to the brain. Since
the site of entry in natural disease is uncertain, there is no information about the
first phase. In an experimental situation it is known that after intragastric
administration in the mouse, infectivity is first found in Peyer’s patches.622 With
this route, access to cells of the LRS is direct. With regard to the second phase,
there is evidence of neural spread, which is discussed shortly. The role that the
circulatory system plays in either phase is unclear. Early studies fail to show
infectivity in blood except within the first few hours after infection.63.6¢ However,
several recent studies showed continuous low titers of these agents in blood.65 In
one, low levels of infectivity are found throughout the incubation period in the
263K—hamster model when a method for concentrating infectivity is applied to
cardiac blood. In another study, viremia of the C]JD agent is seen in experimen-
tally infected guinea pigs at various times throughout the incubation period.66
Infectivity is found only in buffy coat fractions and is absent from blood cell and
plasma fractions. In another study, viremia is seen in CJD-infected mice,*® and
infectivity is detected in the blood of humans with CJD by transmission studies in
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animals.? The circulatory system appears to be important in the spread of the
agent to peripheral sties that are known to become infected.38

The concept that neural spread plays a role in the second phase of patho-
genesis is supported by a series of experiments done by Kimberlin and colleagues.
In these experiments, after peripheral injection and the appearance of infectivity
in spleen, the first area of the CNS that shows infectivity is the thoracic region of
the spinal cord between thoracic vertebrae 4 and 9, which is where the splanchnic
nerve enters the cord in mice.3468-70 From there, infectivity spreads to the lumbar
and cervical regions of the cord. Infectivity then spreads to the brain and is found
first in posterior regions and subsequently appears in anterior regions.69.70
Evidence for neural spread also comes from analysis of incubation periods
following intrasciatic injection versus deposition of equivalent quantities of inoc-
ulum just adjacent to the sciatic nerve.”!

Further support for the concept of neural spread comes from the study of
intraocular injections in the mouse, in which both the sequential occurrence of
infectivity and the development of scrapie-induced vacuolation occur as pre-
dicted from the pathway followed by the optic nerve.3.7273 Thus, following
injections of the right eye, vacuolation is seen first in the contralateral superior
colliculus and lateral geniculate.3! Further, analysis of infectivity shows that it also
follows the route dictated by the crossover of nerve fibers at the optic chiasma.31.72

3.4. The Concept of Clinical Target Areas

One further aspect of pathogenesis concerns the concept of clinical target
areas.34.35 It has long been known that different routes of injection yield different
incubation periods. For example, with the same dilution of homogenate, the
incubation periods from shortest to longest are produced by i.c., intravenous (i.v.),
i.p., and subcutaneous injection. If one divides the incubation period into two
phases, the time from injection to the initiation of replication in the brain and the
time from initiation of replication in the brain to the start of clinical disease, the
comparison of i.c. with the non-CNS routes yields a surprising result3470: the time
from initiation of replication in the brain to the start of clinical disease is shorter
for the non-CNS routes than for i.c. injection. From these findings Kimberlin and
Walker34.35 put forward the concept of clinical target areas, i.e., the areas in which
scrapie replication leads to clinical manifestations of disease. Thus, the replication
of scrapie in the brain after peripheral injection is shorter because the agent more
quickly reaches the clinical target area(s) than does the agent injected i.c.

One logical consequence of this hypothesis is that intraspinal injection might
yield a shorter incubation period than i.c. injection, and that has been shown to be
the case.’”# The corollary of the hypothesis is that much of the replication of
scrapie in the brain is irrelevant as far as inducing the clinical changes that we
traditionally measure. In experiments with stereotactic injection of different
areas within the brain, it has been possible to show that injection of some areas
more quickly leads to clinical disease than injection of others.32 For example, after
stereotactic injection of the 22L strain into the cerebral cortex, thalamus, caudate



120 R. 1. CARP

nucleus, substantia nigra, and cerebellum, the shortest incubation period is seen
in mice injected in the cerebellum.32

3.5. Genetic Aspects of Pathogenesis

A discussion of scrapie pathogenesis cannot be complete without a descrip-
tion of the influence of the genetics of both host and agent. A variety of
parameters are affected (see Table 7-5). We discuss two of the genetic markers in
detail—length of incubation period and differences in clinical target areas.

The length of the incubation period is clearly a fundamental characteristic of
the pathogenesis of any infectious disease process. Scrapie strains can differ in
incubation periods in the same inbred mouse strain by fourfold or more.8? The
mouse strain also plays a role through a gene called Sinc.23.7581 The allelic
designation is determined on the basis of the incubation period for the ME7
scrapie stain: mouse strains with a short incubation period for ME7 are desig-
nated s7s7, whereas those mouse strains with a prolonged incubation period are
termed p7p7. As an example, the incubation period of ME7 in C57BL mice, an
s7s7 strain, is 140 days, whereas its incubation period in a p7p7 mouse strain such
as VM is 300 days. The influence of scrapie strain can be seen by noting the
incubation periods of the 22A scrapie strain in C57BL and VM mice, which are
380 days and 180 days, respectively. The cause of the difference in incubation
periods is not clear; it does appear that in longer-incubation models both the time
from injection to initiation of replication in brain and the interval from that time
to clinical disease onset are both longer.8la

There is a gene in sheep, termed Sip, that plays a similar role to that of Sinc in
mice.3

Genetic control with regard to clinical target areas is evidenced by the fact
that different scrapie strains differ in the area that yields the shortest incubation

TABLE 7-5
Characteristics of Scrapie that Are under
Genetic Control of Both Host and Agent

Characteristic Reference
Incubation period 75
Vacuolation pattern (lesion profile) 30
Presence of amyloid plaques 76
Resistance to inactivation by heat 770
Induction of obesity and altered glucose tolerance 21, 24
Clinical target areas 32
Behavior 25, 28
Species specificity 78
Characteristics of scrapie-associated fibrils 79

Differences in heat inactivation are under control of agent alone.
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period following stereotactic injection.32 As stated previously, for the 22L strain
the shortest incubation period is seen after injection of the cerebellum, whereas
for the ME7 strain both thalamus and cerebellum injection yield short incubation
periods.32 For 1394, injections of the cerebellum, thalamus, caudate nucleus, and
substantia nigra yield equivalent incubation periods, all significantly shorter than
cortex injection. This does not mean that the areas mentioned are the clinical
target areas for the particular scrapie strain but that injection of these areas more
quickly leads to access of infectivity to the scrapie-strain-specific clinical target
areas.

The concept that clinical target areas can differ depending on the scrapie
strain and the host provides a rationale for the development of either motor or
nonmotor changes in scrapie as described previously.21.24-29.37 For example, if the
targeted neurons36 in a particular scrapie strain—host combination are in the
hypothalamic—pituitary axis, the induction of obesity and changes in glucose
tolerance would be possible early clinical manifestations?1-24 of the infectious
process, whereas cerebellar neurons as targets would lead to motor changes
predominantly.

4. THE ABSENCE OF AN IMMUNOPATHOLOGICAL EFFECT
IN SCRAPIE

Classical immunologic responses in scrapie infections have never been dem-
onstrated to play a role in pathological changes. There is no evidence of any kind
of antibody response to the agent.82-85 A variety of studies have failed to show
positive responses in any antibody test of serum obtained from infected animals.
Immune competence is not compromised, since the antibody response of scrapie-
infected mice to antigens such as sheep red blood cells is similar to that seen in
normal mice.86:87 There are reports of an autoimmune reactivity to neurofila-
ment proteins in some cases of sheep with natural scrapie as well as in some cases
of kuru and CJD.88 The importance of this in the pathogenesis of scrapie is
unclear, since a similar response is seen in a variety of other types of infections.88
Furthermore, many individuals with these diseases fail to show reactivity to
neurofilament proteins.

There does not appear to be a cellular immune response, nor is there an
effect of scrapie infection on the responsiveness of T cells. Mixed lymphocyte
reactions between splenocytes from scrapie-infected and from normal mice fail to
show any scrapie-specific reactivity.89 Thymectomy has no effect on incubation
period, pathology, or the characteristics of the clinical course.52 Analysis of the in
vitro reactivity of splenocytes from scrapie-infected mice to mitogens that affect T
and/or B cells failed to reveal any changes in Swiss, C57BL, and BALB/c mice.89
The mitogens used were phytohemagglutinin, concanavalin A, bacterial lipopoly-
saccharide, and pokeweed mitogen. In one study scrapie-infected C3H/He] mice
showed a decreased responsiveness to the B-cell mitogen bacterial lipopolysac-
charide.9 This change is seen only between 20 and 40 days postinjection, and it
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coincides with a period in which mice show transient splenomegaly. The respon-
siveness to phytohemagglutinin and concanavalin A are unaffected in these mice
throughout the incubation period. This group also reports transient spleno-
megaly in scrapie-infected Swiss, C57BL, and BALB/c mice, although the respon-
siveness to mitogens in these mouse strains is normal.90 An attempt to repeat this
work failed to show splenomegaly in C3H/HeJ, BALB/c or C57BL strains (Swiss
mice were not tested), nor did the study show a decrease in response to bacterial
lipopolysaccharide in C3H/HeJ mice.8% The cause of the discrepancy in the
results is deemed to relate either to the difference in the strain of scrapie used or
to the possible contamination of the inoculum used by one group9 with a virus
that induces splenomegaly.89

In another series of studies the macrophage electrophoresis mobility test was
used to diagnose scrapie.?1.92 In these tests sensitized lymphocytes from scrapie-
infected animals are exposed to “scrapie-specific antigen” derived from brain or
spleen from scrapie-infected mice. This mixture is then placed in contact with
normal guinea pig macrophages, and the mobility of these cells is measured. The
lymphocytes are derived either from guinea pigs injected 8 days previously with
homogenates from scrapie or normal mice or from natural or experimental sheep
or goat scrapie. Migration is inhibited in instances in which “scrapie antigen” is
mixed with scrapie-sensitized lymphocytes.92 However, in another study no effect
on macrophage mobility was seen in comparing groups of scrapie-infected and
normal sheep.93

Certainly an examination of the histopathological changes in the brain fails
to reveal any evidence of a host immune response: there is no inflammation and
no cellular infiltration of any kind.46.80 There is gliosis and astrocytosis,*6 but
these are standard responses within the brain to a variety of injuries, and there is
no evidence for an immune component in these responses.

Scrapie does not affect the capacity of the host to mount an immune response
to a number of antigens, although in some instances it does lead to a change in the
quantities of immunoglobulin (IgG) subclasses. In one of these studies an effect
was seen in a proportion of infected sheep during the clinical phase of disease.%4
Results of the second study showed changes in the subclasses of IgG in p7p7
mouse strains injected with the 87V scrapie strain.942 These scrapie strain—mouse
combinations are characterized by very long incubation periods and the presence
of numerous amyloid plaques in the CNS. Most scrapie strain—mouse combina-
tions, including some that yielded CNS plaques, fail to show IgG changes.

Infection with scrapie does not lead to the induction of interferon (IFN), nor
does treatment with IFN or with IFN inducers affect the incubation period or
incidence of scrapie in injected animals.96-98 Scrapie-infected animals can mount
an IFN response after infection with viruses that induce IFN in a normal host.98

In summary, the immune system does not play a role in the development of
disease in scrapie. In fact, no consistent immunologic responses occur in scrapie
disease. The few changes noted are either limited with respect to the scrapie
strain—host combinations showing the change (e.g., increase in IgG?4) or have not
been confirmed by subsequent experimentation (e.g., decreased responsiveness
to bacterial lipopolysaccharide in C3H/He] mice89.90).
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5. AGENT PERSISTENCE

Scrapie agent replicates over an extended period of time before any clinical
changes are seen, and, as stated before, infectivity is present in a variety of organs
before the onset of pathological or clinical changes. However, in all instances
except those noted below, the replication and persistence of the agent proceeds
irrevocably toward clinical disease and death. As noted previously, if experimen-
tal conditions such as dose and strain of agent, route of injection, and the strain,
age, and sex of host are all kept constant, then disease progression is remarkably
precise and predictable. This is the salient feature of the pattern of slow infections
with unconventional agents, but it is not the pattern seen in persistent infections
with conventional viruses.1

There are several experimental situations in which a phenomenon similar to
persistence occurs. In one, it has been shown that i.p. injection of the 87V scrapie
strain into p7p7 mice rarely results in clinical disease; however, the agent repli-
cates in lymphoid organs, and infectivity persists in the spleen for more than 400
days.99.102 Infectivity is not found in the brain, and there are no apparent clinical
changes in the mice.

In another example of persistence a large series of mice were injected with
brain homogenates from Icelandic sheep that had clinical scrapie disease. A few
of these mice became sick with clinical scrapie; however, most mice lived a full life
span or close to it.1% Brains removed from animals that had lived a full life span
without clinical disease were then assessed for histopathological changes typical
of scrapie, and in some instances brain preparations were assayed for infectivity.
Many of the brains from clinically normal animals had lesions typical of scrapie.
On blind passage into additional mice, many of the preparations caused clinical
scrapie within a time frame consistent with second passage in a new host species.

It should be emphasized that the situation in these two examples may be
consistent with the slow infection pattern. The failure to demonstrate clinical
disease was probably a function of the fact that with the scrapie inoculum, host,
and route used, the incubation period for scrapie was longer than the life span of
the host.101 In fact, with i.p. injection of the 87V strain in IM mice, one study
showed that a small proportion of mice injected with a high concentration of
brain homogenate proceeded to clinical disease after a very long incubation
period.102 The data with the sheep isolates are consistent with the idea that
infectivity was present in the brain of mice injected at first passage but had not
had enough time either to attain sufficient titer or to reach clinical target areas by
the end of the natural life span of the mice.

6. TREATMENT

The search for an effective treatment of scrapie and related diseases has
failed to reveal a compound and regimen that is very promising. In Section 3, we
detailed data concerning administration of drugs at or very close to the time of
experimental infection that could affect the length of scrapie incubation. Even
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though some of these drugs cause a lengthening of the incubation period,44-46
they can not be considered treatments in that they are effective only if given prior
to or at the time of infection. Three drugs have shown limited efficacy: HPA-23,
dextran sulfate 500, and amphotericin B.

Administration of HPA-23, a tungstoantimoniate that has sodium at its
center, can extend the incubation period and reduce effective titer by 1 to 2.6 log;,
units.103.104 The greatest effect is seen if the interval between infection (by the i.v.
route) and the first HPA-23 treatment (by the i.p. route) is 4 hr. As the interval is
increased there is a diminishing effect, with virtually no effect if treatment is
initiated 48 hr after infection. In instances in which the time interval between
infection and the first treatment is 4 hr, there is no difference in effect between 12
and 3 daily doses. HPA-23 is known to suppress the replication of a number of
viruses, but the mechanism of action is not known.105

Using dextran sulfate 500 (DS 500) in a variety of regimens, investigators
have produced either prolongation of incubation period or survival of animals
infected with lethal doses of scrapie.61.103.106,107 Thus, the efficiency of infection is
reduced by DS 500. In perhaps the most striking result, i.p. administration of
DS 500 as much as 2 weeks after i.p. injection of scrapie causes a significant
lengthening of the incubation period.197 There is an effect on some mice even if
the time interval between scrapie and a single dose of the drug is as much as 2
months. With this interval there is a bimodal distribution, with some mice having
an extended incubation period and others showing absolutely no effect. DS 500
has an effect on either i.p. or i.v. scrapie when given as a single dose i.p. as much
as 3 days after scrapie injection.6! Various regimens of treatment have no effect on
the incubation period of scrapie after i.c. injection.196 There is a reduction in
spleen titer and an extension of the incubation period in mice given a single dose
of DS 500 i.p. 3 days after i.v. injection of scrapie.l% The effects on both
parameters are much more pronounced if DS 500 is given three times at 3, 10, and
17 days after scrapie.106

Questions concerning the mode of action of DS 500 on scrapie replication
remain. The suggestion has been made that the drug affects the aggregation of
scrapie infectious agents in the blood when administered shortly before or after
scrapie but that it must also have a different mode of action at a later time during
scrapie replication and spread.l93 As noted earlier (Section 3), there is the
contention that the continued presence of the drug in tissue-bound mononuclear
phagocytes in spleen and lymph nodes for as much as 7 months after administra-
tion would provide the opportunity for a direct effect on the scrapie agent or an
effect on the replication of the agent within those cells.6! Of course we do not
know if the scrapie agent enters or replicates in this cell type. Furthermore, there
is evidence that other compounds that depress the phagocytic activity of mono-
nuclear phagocytes, e.g., silica and trypan blue, fail to affect the scrapie incuba-
tion period or endpoint titers.6103 In a study in which the effects of high dose
of DS 500 were used at a series of intervals prior to scrapie infection that extended
from the time of maximum depression of phagocytosis to complete recovery of
this capacity, there were no differences in the reduction of effective scrapie titers
by the drug.103
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The final drug that shows potential as a treatment is amphotericin B.108
Again the mode of action of this antifungal drug is unknown. The incubation
period of i.c. scrapie (strain 263K) in hamsters is extended by as much as 45 days.
Treatment is initiated on the day of injection and continued 6 days per week for
50, 75, or 100 days. The incubation periods for the three treatment times were 83,
96, and 102 days, respectively, and this compared to 55 days in hamsters adminis-
tered saline rather than drug throughout the incubation period.108 The drug is
also effective after i.p. injection of a scrapie-containing homogenate. If drug is
mixed with the inoculum for 2 hr prior to infection by the i.p. route and animals
are subsequently treated with saline for 50 days (as are controls), there is no effect
on the incubation period, suggesting that there is no direct action of drug on the
agent. The drug has no effect on the length of the clinical course if administration
of drug is started when the animals first exhibit clinical signs. It is interesting that
this is the only drug that is effective in treatment after i.c. injection of the agent.

It appears that the Amphotericin B effect is highly specific for the 263K-
hamster combination. In studies with short incubation mouse models (139-SJL
mice; ME7-SJL mice), a long incubation mouse model (87 V-IM mice), and a long
incubation hamster model (139H-hamster), there were no effects of Amphoteri-
cin B treatment on the characteristics of agent—host interactions (Y. S. Kim, S. M.
Callahan, and R. I. Carp, unpublished).

7. MISCELLANEOUS

No review of scrapie would be complete without reference to the unusual
characteristics of the infectious agent and the theories concerning its nature that
have been proposed. We do not go into great detail about this because there have
been a number of recent informative reviews.109-115 Rather, we outline the un-
usual characteristics of the agent, describe the three theories that are currently in
vogue, and relate these theories to some of the information presented in this
chapter.

The unusual characteristics of the agent include resistance to a variety of
physical and chemical treatments such as ultraviolet irradiation, x rays, boiling,
exposure to 10% neutral formalin, and exposure to B-propriolactone.109-116 In
interactions with living systems the unusual findings include the lack of cyto-
pathic effects in tissue culture, the absence of any immune response to the agent,
the absence of inflammatory changes in the primary organ affected (brain), and
the close association of infectivity with cellular membrane components.80.111,116
It is really the combination of characteristics that marks scrapie and the other
agents of the group as unconventional, since there are viruses or virus groups that
have characteristics with regard to single parameters that do not differ markedly
from scrapie.

In recent years, findings in three areas have been the subject of intense study.
In one, fibrillar structures, termed scrapie-associated fibrils (SAF), are found
consistently in preparations of brain and spleen from slow infection diseases
caused by unconventional agents but never in normal material or in preparations
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from other diseases.117-120 There is a correlation between SAF and infectivity, both
in relation to kinetics of their occurrence in the infected animal and in their
occurrence in different partially purified (for infectivity) preparations of
brain. 119,121,122

Another area of great interest revolves around the finding of a protein that is
found in brain and spleen preparations that are partially purified for scrapie
infectivity.123-126 Subsequent studies show that this protein, termed PrP for
protease-resistant protein, is coded for by a cellular gene and that the level of
mRNA is similar in organs obtained from scrapie and normal animals.127-129 In
fact, the protein is found in normal preparations, but its characteristics are
different from the protein found in scrapie in several respects: (1) the normal
protein is completely degraded by proteases, whereas the scrapie protein is only
partially degraded!30-132; (2) the scrapie protein is easily sedimentable, whereas
the normal is not130-132; (3) the scrapie protein is part of SAF, which are found in
all scrapie strain—host combinations, and the scrapie protein constitutes at least
part of the amyloid plaques found in some combinations.33.134 In contrast, fibrils
and plaques are not found in normal material.

The final area of intense effort is related to studies on the genetics of
scrapie—host interactions. The importance of these studies is that they all enforce
the idea that scrapie contains an independent genome. In Section 3 we noted a
series of genetic markers that can be used to distinguish different scrapie
strains21,25,28,30,32,75-79 (see Table 7-5). In another study, progeny of the scrapie
agent from mice injected with an agent that has a long incubation period and
yields extensive plaque formation (in that particular mouse strain) was analyzed
for these two parameters.!35.136 In some instances, which occur at random, agent
is found that has entirely different characteristics in that mouse strain (short
incubation period, no plaque formation). Detailed analysis of the histopathology
of the brains indicates that these “new” agents arise in localized areas. The best
explanation of these data is that mutation occurs. In another study, several
“cloned” mouse-adapted scrapie strains were passaged in hamsters several times
and then injected into mice.!37.137a For some mouse-adapted scrapie strains the
agent produced after hamster passage has the same characteristics as the agent
put into hamsters. For other strains, however, the hamster-passaged material has
characteristics (incubation period and vacuolation pattern) that are markedly
different from the starting strain. This suggests that in the latter instances a
mutational event(s) occurs that is selected for during passage in the hamster.

There are three theories concerning the nature of the scrapie agent that have
evolved from the data noted above (Table 7-6) and from other information in the
reviews that are referenced. The first is a virus model. In this theory the scrapie
agent is a virus with standard virus molecular components (a nucleic acid genome
that codes for its protective protein coat) but with unusual characteristics that
confer resistance to a variety of physical and chemical inactivating procedures
and provide the basis for its unusual biological characteristics.138-140 The second
is a prion or modified host protein theory. In this theory the scrapie agent is
composed of protein only, and there are no exogenous (nonhost) components
required for infection.109.110.112.115 The third is the virino theory in which the agent
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TABLE 7-6
The Relationship of Recent Findings to the Three Theories
about the Nature of the Scrapie Agent
Theory
Modified host
Finding Virus protein (prion) Virino
SAF Byproduct of infection; Aggregates of PrP; Structures that contain
not part of infectious structure is not re- the small scrapie-
agent quired for infectivity strain-specific nucleic
acid
PrP Byproduct of infection;  The only macromolecule A host-derived protein
not part of infectious required for infec- that protects the
agent tivity scrapie-strain-specific
nucleic acid
Genetics  The infectious agents Differences in host cod-  The infectious agents
of contain nucleic acid; ing sequences for PrP contain nucleic acid;
scrapie sequence differences define a limited num- sequence differences

yield strains

ber of strains

yield strains

is composed of a small, scrapie-strain-specific nucleic acid (perhaps noncoding
and regulatory, similar to a viroid) surrounded by host protein.110-113,141

In these three theories the role of SAF and scrapie protein are very different
(Table 7-6). In the virus theory, SAF and the scrapie protein are pathological
products that are a host response to the infectious agent. Proponents of this
theory contend that we have found neither the protein nor the nucleic acid of the
putative virus. In the modified host protein theory, the scrapie protein described
above is thought to constitute the sum and substance of the infectious agent, and
SAF are aggregates of that protein. In the virino theory, the scrapie protein
described above is a candidate for the host protein that protects the scrapie-strain-
specific nucleic acid, and SAF are structures that could contain the scrapie-
specific nucleic acid plus the protective host protein.

The proponents of these theories attempt to explain some of the unusual
characteristics of the scrapie agent and of the disease process on the basis of their
proposed theories. For example, the remarkable resistance of scrapie to UV
irradiation at 256 nm and to x rays could be explained by either the protein-only
theory, since proteins are more resistant to irradiation (at the listed wavelength)
than nucleic acids, or by an informational molecule that is very small (virino
theory) and therefore presents a small target for inactivation. It is very easy to
explain the genetics of scrapie strains in those theories in which the informational
molecule is a nucleic acid (virus and virino) but is more difficult to explain if the
agent is composed exclusively of modified host protein. The difficulty in isolating
a nucleic acid from partially purified preparations of infectious material could be
explained because there is none (modified host protein), because it is present in
small amounts and is small and/or tightly bound to protective material (virino), or
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because preparations are not sufficiently purified to distinguish agent-specific
nucleic acid from contaminating host nucleic acid. The failure of the host to
mount an immune response can be explained if a host protein is the only protein
thatis an integral part of the infectious moiety (virino and modified host protein).

Since preparation of the above summary of theories on the nature of the
agent, there have been significant findings in a number of areas, particularly in
relation to the role of PrP in the infectious process. It has been shown that the gene
coding for PrP is closely linked to the Sinc gene in mice that controls incubation
period.142 Furthermore, using transgenic technology it was shown that mice with
the hamster-specific PrP transgene behaved like hamsters with regard to sensi-
tivity to hamster passaged scrapie strains.!43.14¢ Thus, the PrP gene appears to
play a key role in the species barrier phenomenon.

Despite extensive studies on the chemical characteristics of the normal and
scrapie isoforms of this protein, there are no known differences in their chemical
composition that would explain the differences noted in protease sensitivity and
sedimentability.145.146 Analysis of primary sequence and examination of post-
translational modifications have failed to reveal any differences between the
normal and scrapie isoforms nor between different scrapie strains.145-147 An
additional difference in the two isoforms is that although both appear to have a
phosphotidylinositol glycolipid linkage,148 the normal isoform can be released
from the cell surface by the enzyme phosphotidylinositol specific phospholipase
C, whereas the scrapie isoform is not released under similar conditions.!49 There
are no definitive explanations of this finding although in tissue culture systems
the scrapie isoform appears to be located primarily intracellularly, whereas the
normal isoform is on the cell surface.150

Additional genetic studies have shown that characteristic differences among
scrapie strains are maintained after repeated passages of strains in a single inbred
host, further establishing that differences in PrP coding sequences cannot be the
sole delineator of scrapie strains.145,151

Despite all of these recent findings the relationship of PrP to the infectious
agent and its role in the replication cycle of the agent are still a matter of
contention. The three theories on the nature of the agent are still au courant and
each theory has its dedicated proponents. Further studies will be required to
establish the nature of these important and unusual infectious agents.
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1. INTRODUCTION

The polioviruses are the only enteroviruses for which there is sufficient informa-
tion to devote a chapter to their neurotropism and prevention by immunologic
methods. They are thus the main feature of this chapter. However, it is important
to bear in mind that other enteroviruses may also invade the central nervous
system (CNS). Especially prominent in this regard are coxsackie B viruses and
enterovirus type 71, but other nonpolio enteroviruses also have been associated
with CNS disease.

The history of poliomyelitis and of the development of knowledge concern-
ing the polioviruses and the other enteroviruses has been described elsewhere.1-3

2. DESCRIPTION AND CLASSIFICATION

The enteroviruses are classified as a genus, Enterovirus, within the family
Picornaviridae. In addition to polioviruses, the genus includes coxsackieviruses of
the A and the B groups, echoviruses, and the high-numbered (68—72) entero-
viruses. The picornavirus family has many other members, including genus
Rhinovirus, whose members also infect humans. In addition, there are entero-
viruses and rhinoviruses that infect different groups of lower animals; and within
the Picornaviridae there are two other genera—Aphthovirus, agents that cause
foot-and-mouth disease of cattle, and Cardiovirus, viruses that infect rodents. The
enteroviruses of humans are listed in Table 8-1.
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TABLE 8-1
Enteroviruses of Humans
Subgroup Number of Serotypes
Polioviruses 3 (types 1-3)

Coxsackieviruses, group A 23 (types A1-A22, A-24)e
Coxsackieviruses, group B 6 (types B1-B6)

Echoviruses 31 (types 1-9, 11-27, 29-33)
Enteroviruses 5 (types 68-72)

aCoxsackievirus A23 turned out to be the same virus as that previously
identified as echovirus 9.

bEchovirus 10 has been reclassified as reovirus, echovirus 28 as rhino-
virus type 1A, and echovirus 34 as coxsackievirus A24.

cEnterovirus 72—hepatitis A virus—now seems to warrant placement
as a separate genus within the picornavirus family. The name Hepar-
navirus has been proposed.

Enteroviruses are transient inhabitants of the human alimentary tract; they
are isolated most frequently from stool specimens but may also be recovered from
the throat. Enterovirus 70, the agent of acute hemorrhagic conjunctivitis (AHC),4
has been found almost exclusively in conjunctival and throat specimens, but a few
fecal isolations have been reported. Wild polioviruses vary in their virulence and
neurotropism. Although their most severe effect on the infected individual is
produced by invasion of the CNS, poliovirus, unlike some other enteroviruses, is
seldom isolated from the cerebrospinal fluid (CSF). Most enteroviruses can be
cultivated in cell cultures, where they can be detected by their characteristic
cytopathic effects.

Enteroviruses and the other picornaviruses are among the smallest viruses of
animals, with virions about 28 nm in diameter. The icosahedral capsid shell,
composed of 60 subunits, has no envelope; it surrounds a genome made up of a
single strand of positive-sense infectious RNA of relatively small molecular weight
(2.5 x 108). For poliovirus, the complete sequence of RNA has been determined,
and the molecular biology of poliovirus continues to be intensively studied.5 In
addition, by means of x-ray diffraction studies the three-dimensional structure of
poliovirus has been determined.6 The details of structure that have been revealed
have shed much light on the antigenic sites. Recent information has greatly
advanced research on the neutralization of the polioviruses.”.8

3. EPIDEMIOLOGY

3.1. General Epidemiology of Enteroviruses

Enteroviruses can cause a variety of illnesses. Different viruses may produce
the same syndrome; on the other hand, the same enterovirus may cause more than
a single syndrome. But by far the most common form of enterovirus infection is
inapparent or is accompanied only by minor malaise. This characteristic makes it
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difficult to trace the course of transmission; poliomyelitis remained an epidemio-
logic enigma until the predominance of inapparent infections and mild illnesses
was recognized. Although overt illnesses represent only a “very small tip of a very
large iceberg,” wide dissemination has been repeatedly documented for a num-
ber of the enteroviruses.9:10

Humans are the only known reservoir for members of the human entero-
virus group, and close human contact is the primary avenue of spread of the
enteroviruses. From infected individuals, whether or not they develop clinical
illness, the oropharynx and intestine can yield virus—in stools for as long as a
month or two, and in oropharyngeal secretions for a shorter period. Fecal
contamination is the usual source of transmission. Enteroviruses are most readily
spread within a household. Commonly, by the time an infection is recognized in
one individual within a family, all susceptible members have already been in-
fected. The extent of intrafamilial spread appears to be closely related to
duration of virus shedding, particularly by young children.

The close correlation between living under low socioeconomic conditions
and the acquisition of infection with the enteroviruses early in life has been
emphasized repeatedly in both tropical and temperate environments and reflects
the general level of hygiene of the population group.l.l1

3.2. Epidemiology of Poliomyelitis

The epidemiology of poliomyelitis, as the most severe and the most studied
of the diseases caused by enteroviruses, serves to illustrate patterns typical of
other members of the group as well.3

Under the historical endemic conditions, polioviruses circulated widely and
constantly under conditions of poor community sanitation and family hygiene,
infecting new susceptible individuals early in life. Since almost all women of
childbearing age had antibody to all three poliovirus types, passive immunity was
transferred from mother to offspring. Most infants experienced their first polio-
virus infections, which provided active immunization, in the first few months of
life while maternal antibodies still provided some protection. Because so large a
proportion of poliovirus infections are subclinical, such rare paralytic cases as did
occur often went unrecorded in populations faced with very high infant and child
mortality rates from many other causes, known and unknown.

This endemic phase is not merely of historical interest, for these conditions
still exist in some parts of the world. Also, some areas are currently experiencing a
transition to an epidemic phase, while others have fully entered the “vaccine era”
of polio epidemiology in which paralytic poliomyelitis has been brought under
virtually complete control.

The transition from the endemic phase to the severe epidemic phase in
industrialized countries is explained as follows. With increased economic develop-
ment, resources for community and household hygiene were enhanced. With the
polioviruses, this meant that opportunities for early immunizing infections ac-
quired from household and environmental contamination were reduced among
infants, so that many persons were infected for the first time in later childhood or
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in adult life—ages at which poliovirus infections are more likely to take the
paralytic form. In temperate climates, initial exposures were even further de-
layed, allowing the pool of susceptible persons to increase. Thus, when virulent
polioviruses did enter the population, they spread rapidly and explosively, in
contrast to the steady endemic transmission of the preceding phase.

Large epidemics of paralytic polio appeared within the past century, first in
northern Europe and soon thereafter in the northeastern United States. By 1955,
just before the inactivated polio vaccine (IPV) became generally available, com-
bined totals of more than 76,000 cases of paralytic polio were being reported
annually from the USSR, 23 other European countries, the United States,
Canada, Australia, and New Zealand. The United States alone was experiencing
10,000 to 20,000 paralytic cases annually. After IPV came into use, cases in the
United States were reduced markedly, yet about 2500 cases continued to occur
each year, some even among the fully vaccinated. Live, attenuated, orally adminis-
tered polio vaccine (OPV), licensed in 1961-1962, has become widely used in the
United States, and the number of cases has been reduced to fewer than ten
annually. This excellent result is being seen in most of the other industrialized,
developed parts of the world, where paralytic poliomyelitis is now a rare disease.12

Unfortunately, this is not yet true for many developing countries in tropical
and subtropical areas. In recent years many of these countries—some of them
with very limited health care resources in facilities, personnel, and funds—have
been facing the epidemic phase of polio epidemiology. In a number of areas
where diagnostic and surveillance activities are severely limited, few cases are
being reported, yet special “lameness” surveys conducted with the assistance of
the World Health Organization (WHO) Expanded Programme on Immunization
(EPT)13-15 indicate that the actual incidence of polio in the years prior to the
surveys has been at least as high as the rates seen in more privileged countries just
before vaccines were introduced. The WHO has estimated that worldwide, about
250,000 cases of paralytic polio are still occurring each year.1?

4. CLINICAL DISEASES CAUSED BY ENTEROVIRUSES

4.1. Poliomyelitis

When a susceptible individual is exposed to poliovirus, responses may range
from inapparent infection to paralytic poliomyelitis. The disease may progress
from a minor illness to the major severe illness, in some instances after an
intervening few days without symptoms.

The minor illness is characterized by fever, malaise, drowsiness, headache,
nausea, vomiting, constipation, or sore throat in various combinations. The
patient recovers in a few days. In addition to the symptoms and signs mentioned
above, the patient may present with stiffness and pain in the back and neck
(aseptic meningitis). The disease may last 2 to 10 days, and recovery can be rapid
and complete. In rare instances, this form may advance to paralysis. Poliovirus is
only one of many viruses that produce aseptic meningitis.

In the absence of virological laboratory diagnosis, paralytic poliomyelitis
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must be suspected if disease occurs in persons associated with paralytic patients,
since paralysis is rare in other enterovirus infections. In poliomyelitis, the major
paralytic illness may follow the minor illness described above, particularly in
young children, but it usually develops without an antecedent first phase. The
predominating sign is flaccid paralysis resulting from lower motor neuron dam-
age. However, incoordination secondary to brainstem invasion may occur, and
there may be painful spasms of nonparalyzed muscles. The amount of damage
and destruction varies from case to case. Muscle involvement is usually maximal
within a few days after the paralytic phase begins. Maximal recovery of function
usually has been reached within 6 months, but it may take longer.

At times, nonpolio enteroviruses have been associated with cases of polio-like
paralytic disease, but this has been uncommon.!¢ Enterovirus 71 also has been
involved in several outbreaks of CNS disease, including polio-like paralysis, with
some fatal cases.)” Coxsackievirus A7 has been associated with outbreaks of
paralytic disease.16.18

4.2. Meningitis and Mild Paresis Caused by Nonpolio Enteroviruses

Common early symptoms are fever, malaise, headache, nausea, and abdomi-
nal pain. One to two days later there may be signs of meningeal irritation with
stiffness of the neck or back; vomiting may also appear at this time. The disease
sometimes progresses to mild muscle weakness that is often confused clinically
with paralytic poliomyelitis.

Enteroviruses that have been associated, to at least some degree, with
meningitis or transient mild paresis and on very rare occasions with paralytic CNS
disease include the polioviruses, almost all coxsackieviruses of both A and B
groups, and most echoviruses. The chief types repeatedly associated with men-
ingitis are coxsackieviruses B1-B6, A7 and A9 and echoviruses 4, 6, 9, 11, 14, 16,
25, 30, 31, and 33; types 3, 18, and 29 also have been responsible for some
outbreaks. Muscle weakness and mild, transient paralysis have been observed
with echoviruses 6 and 9. Type 9 also has been recovered from the medulla of a
fatal case.

Among the newer, high-numbered enteroviruses, type 70—the agent of
AHC—in rare instances has been involved in neurological complications includ-
ing poliomyelitis-like illnesses.19 Infections with enterovirus 71, which exhibit a
variety of clinical manifestations, have been associated with meningitis and with
some cases of more severe polio-like CNS disease; some of the latter cases have
been fatal.l?

Patients almost always recover completely from paresis caused by nonpolio
enteroviruses. However, among infants infected during their first year of life
there is a risk of serious neurological sequelae.20

4.3. Other Diseases Caused by Enteroviruses

In addition to the CNS diseases indicated above, illnesses caused by entero-
viruses include pleurodynia, myocarditis, hepatitis, vesicular and exanthematous
skin lesions, mucocutaneous lesions, respiratory and intestinal illnesses, un-
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differentiated febrile illness, and conjunctivitis. There is also considerable evi-
dence indicating that enteroviruses may have a role in some cardiovascular
diseases and perhaps in the development of diabetes.3

5. PATHOGENESIS AND IMMUNITY

As the virus travels from the portal of entry (the mouth), implantation and
multiplication take place in the oropharynx and the small intestine (Fig. 8-1). The
incubation period (defined as the time from exposure to onset of disease) is
usually between 7 and 14 days. By 3 to 5 days after exposure, virus can be
recovered from blood, throat, and feces. At this time symptoms of the “minor
illness” may appear, or the infection may remain asymptomatic, but viremia
begins several days before the onset of CNS signs in those who develop either
“nonparalytic polio” (aseptic meningitis) or the paralytic disease. Antibodies
develop early, usually before paralysis appears. After free virus can no longer be
found in the blood, virus bound to antibody may be detected for a few additional
days.?1

After initial multiplication in the tonsils, the lymph nodes of the neck, Peyer’s
patches, and the small intestine, the virus then spreads by way of the bloodstream
to other susceptible tissues (other lymph nodes, brown fat, and the CNS).

Poliovirus can also spread along axons of peripheral nerves to the CNS; there
it continues to progress along the fibers of the lower motor neurons, increasingly
involving the spinal cord and/or parts of the brain. Tonsillectomy or other surgery
in the oropharynx increases the risk of CNS involvement at times when polio-
viruses are prevalent. This may result from virus in the pharynx gaining direct
access to cut nerve fibers or may be a secondary consequence of the removal of
immunologically active lymphoid tissue.

Poliovirus invades only certain types of nerve cells; in the process of its
intracellular multiplication, it may damage or completely destroy these cells. The
anterior horn cells of the spinal cord are most prominently involved, but in severe
cases the intermediate gray ganglia and even the posterior horn and dorsal root
ganglia are often affected. Lesions are found as far forward as the hypothalamus
and thalamus. In the brain, the reticular formation, the vestibular nuclei, the
cerebellar vermis, and the deep cerebellar nuclei are most often affected. The
cortex is virtually spared, with the exception of the motor cortex along the
precentral gyrus.

Although flaccid paralysis is the hallmark of poliomyelitis, the virus does not
multiply in muscle in vivo. The changes that occur in peripheral nerves and
voluntary muscles are secondary to destruction of nerve cells within the CNS.
Cells that are not killed but lose function temporarily as a result of edema may
recover completely within 3 to 4 weeks after onset. Inflammation occurs second-
ary to the attack on nerve cells.

The development of immunity to the polioviruses is typical of that for the
enteroviruses generally. Virus-neutralizing antibody develops within a few days
after exposure to the virus and may persist for life.22
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FIGURE 8-1. Schematic illustra-
tion of the pathogenesis of polio-
myelitis (modified from Fenner).
Virus enters by way of the alimen-
tary tract and multiplies locally at
the initial sites of virus implanta-
tion (tonsils, Peyer’s patches) or the
lymph nodes that drain these tis-
sues, and virus begins to appear in
the throat and in the feces. Sec-
ondary virus spread occurs by way
of the bloodstre