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Prelude

Hirary KOPROWSKI

The Wistar Institute of Anatomy and Biology
Philadelphia, Pennsylvania

With 1 Figure

Since only the right word can convey the right meaning, the term “slow viruses”
is, in a certain sense, a misnomer. Any infectious process may develop either
“slowly” or “rapidly”, and its etiologic agents may therefore be arbitrarily classi-
fied as “slow” viruses or “quick” viruses. However, what distinguishes more specif-
ically the group of “slow” viruses from other viral agents is not their “slowness”
per se, but the ubiquitous, languishing character of the infectious process they ini-
tiate in the animal or human organism. The incubation period may last months or
years, and the disease itself may progress in a laggardly fashion, characterized by
the steady, irreversible deterioration of the host.

Host range for slow viruses may be either extremely broad, including all homoio-
thermic animals as is the case of rabies virus, or limited to one species of animal, as
is the case of Aleutian disease. Kuru primarily affects females of one tribe of
inhabitants in New Guinea.

The study of “slow” virus-host cell interaction lags considerably behind that of
cytopathic viruses and those causing cell proliferation. The intracellular pathways
of cytopathic virus replication have been extensively studied in the immediate
past, and the results of these investigations gratified both the curinsity and the
vanity of the searchers. The study of the interaction of oncogenic viruses and their
host cells, pursued almost as energetically as that of cytopathic viruses, has unveiled
many scientific mysteries but has not as yet resulted in the complete clarification
and understanding of the process of viral oncogenesis. Cells infected with “slow”
viruses are in general neither destroyed nor stimulated to proliferate. For obvious
reasons, their functions are impaired but the nature of the dysfunction has as yet
not been clarified.

Diseases caused by “slow” viruses are as ancient as rabies (23rd century B. C.)
or as modern as Kuru (20th century A. D.).

Because of unusual characteristics of the disease process initiated by slow viruses,
because of scanty knowledge concerning the nature of these viruses, and last but

1 Current Topics, Vol. 40



2 H. Korrowski: Prelude
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Fig. 1. An oversimplified scheme of virus-host cell relationship

not least, because they are “mod” !, a symposium on slow virus infections, particu-
larly those which produce a chronic infection of the nervous system (CHINA), was
organized on May 4th, 1966 in Los Angeles under the auspices of the American
Society for Microbiology. The papers which compose this volume are based on
lectures delivered at the symposium.

! For those who will read this when the slang of the sixties will have been long forgotten
“mod” meant “in fashion at the present time”.



Chronic Infectious Neuropathic Agents:
Possible Mechanisms of Pathogenesis *

RicHARD T. JOHNSON

Cleveland Metropolitan General Hospital and Western Reserve University
School of Medicine, Cleveland, Ohio

In discussing the pathogenesis of disease produced by chronic infectious neuro-
pathic agents, three problems are immediately apparent: (1) explaining the long
incubation period, (2) explaining the slow evolution of clinical disease and the
unusual pathological findings often associated with these diseases, and (3) explain-
ing the role of antibody in the prevention or causation of the disease. In the classic
“slow virus infections” of sheep (S1GURDSSON, 1954), visna and scrapie, the incuba-
tion period extends from months to years and is followed by a subacute neurological
disease lasting for weeks to months. Visna, a demyelinating disease of the central
nervous system (CNS), occurs long after the appearance of neutralizing antibody
(GUDNADOTTIR and PALsson, 1966); while scrapie, a non-inflammatory degenera-
tive disease of the CNS, occurs with no evidence of antibody formation (GAJpUSEK
etal., 1965). Very little experimental data exist to explain these curious phenomena
in visna and scrapie, and discussion of their mechanisms of pathogenesis must rely
largely on speculation and by analogy to other diseases. Several viruses, such as
rabies, mumps, and lymphocytic choriomeningitis, provide more facile laboratory
models and cause diseases in experimental animals which display one or more
characteristics of slow virus infections of the CNS. Therefore, studies of these agents
may provide some insights into mechanisms of disease production by slow viruses.

Extraneural Phase of Infection

A long incubation period might be explained either by a prolonged period of
extraneural growth preceding CNS invasion or by a relatively prompt spread of
virusto the CNS followed by a prolonged neural infection before the development of
clinical disease. Favoring the latter sequence are the results of experimental studies
with scrapie and visna, diseases for which incubation periods of months to years
follow intracerebral inoculation. Furthermore, rabies, the classical long incubation
period virus, has been found to penetrate into the CNS of animals within 24 to 48
hours after peripheral inoculation (HABEL, 1941), even thougfl signs of disease may

* This work was supported by Research Grant NB-05244 from the National Institute
of Neurological Diseases and Blindness, National Institutes of Health Bethseda, Md.
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4 R.T. JouNsoN:

not appear for several weeks. A different mechanism must apply in experimental
scrapie in mice in which the agent undergoes a 16 week period of multiplication in
the viscera before CNS invasion; nevertheless, many more weeks pass after CNS
involvement before disease develops (EXxLUND et al., 1965). Thus, the extended
incubation period appears, in large part, to result from a protracted neural phase
of infection rather than from a long transit time to the CNS.

The pathways of virus spread to the CNS vary with different viruses, different
hosts, and different routes of inoculation (Jounson, 1965a). The pathways of
spread of the chronic infectious neuropathic agents are probably the same as those
of other viruses producing acute CNS disease. Experimental immunofluorescence
studies have shown that these viruses may penetrate into the nervous system by
neural, olfactory, and hematogenous routes. Following subcutaneous injection,
herpes simplex virus in suckling mice invades the CNS along nerves by the centrip-
etal infection of endoneural and perineural cells, a process taking 4 to 5 days
(JounsoN, 1964). Rabies virus similarly penetrates along nerves in mice, but
this spread to the spinal cord occurs in only 24 hours and without the development
of antigen in cells of the peripheral nerves (JomnsoN, 1965b; YamamoTo
et al., 1965). There appear, therefore, to be at least two mechanisms of neural
spread — one by an ascending infection of peripheral nerve cellular elements and
another by a passive movement of virus within the tissue spaces, lymphatics, or
axoplasm of the nerve. Spread from the olfactory mucosa to the CNS may also
occur by at least two mechanisms: along olfactory nerve fibers leading to infection
of the olfactory bulb, or by direct invasion of the meninges via the arachnoid
cuffs surrounding the nerves which penetrate the submucosal tissue through the
cribriform plate (BrierLey and Fierp, 1948). Immunofluorescence studies
with herpes simplex virus following intranasal inoculation in suckling mice sug-
gest that virus spreads to the CNS via both these olfactory pathways (Jounson,
1964).

The hematogenous spread of virus to the CNS is probably more important in
most acute virus infections than the other routes. Previously it was thought that
a “blood-brain barrier” existed which was impervious to virus particles, but it is
now apparent that no discrete anatomical barrier exists. Ferritin macromolecules
injected intravenously readily pass through cerebral capillary endothelial cells,
traverse the basement membrane and are found within the cytoplasm of glial
cells within the CNS (BONDAREFF, 1964, and it is probable that small virus particles
pass through the blood-brain junction in a similar way. Albrecht’s immunofluores-
cence studies of tick-borne encephalitis virus both in mice and chick embryos
show that hematogenous spread of virus to brain occurs without evidence of in-
fection of vascular endothelial cells (ALBrECHT, 1960, 1962). Conversely, infec-
tion of endothelium can provide an alternative mechanism for blood-borne infec-
tion. Sindbis virus grows initially in vascular endothelial cells, and infection of
parenchymal cells of the brain follows the infection of cerebrovascular endo-
thelium (JonNsoN 1965c¢). In addition, some viruses may spread indirectly to the
CNS from blood via the spinal fluid either by growth in or leakage through the
choroid plexus.
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The routes of spread of agents leading to chronic or subacute CNS disease are
uncertain but, by analogy, neural, olfactory, and hematogenous pathways must be
considered. A prolonged incubation period could result from delay along any of
the pathways, but present evidence suggests that the long incubation period re-
sults primarily from a prolongation of the neural rather than the extraneural
phase of infection.

Neural Phase of Infection

In typical acute viral infections of the CNS, the virus, after reaching the CNS,
multiplies rapidly and produces prompt onset of encephalitic disease. The histo-
logical picture in the CNS is characterized by cell necrosis followed by neurono-
phagia (phagocytosis) and perivascular and meningeal infiltration of inflam-
matory cells. These pathologic reactions are presumably the response to neuron
lysis.

This classical pathology of viral encephalitis does not develop even in some
relatively acute viral infections such as rabies in mice and mumps in hamsters. In
both of these experimental systems, fluorescent antibody studies show a rather
prolonged period of virus antigen development in infected neurons, and even after
the onset of the disease these infected cells remain morphologically intact (Joun-
soN and MERCER, 1964; JoHNSON, in prep.). Little or no evidence of cell necrosis
or neuronophagia is found, and in the case of fixed rabies virus there may be no
perivascular or meningeal inflammatory reaction. These then presumably represent
examples of disease resulting from cell dysfunction, since the histologic evidence
of cell lysis is absent.

Fixed rabies virus infection in mice provides an example. After intracerebral
inoculation, virus antigen develops within infected neurons for about 5 days before
the onset of disease. By this time neurons show extensive antigen by fluorescent
antibody staining, but pathological abnormalities are minimal — characterized only
by a mild eosinophilia of some infected neurons. Electron microscopic examination
after the onset of disease shows normal neuron nuclei and intact cell membranes.
Neurofibrils and mitochondria appear relatively normal, although displaced by
large pools of cytoplasmic virus particles (JounsoN and MERCER, 1964). This
virus-cell relationship may not be fundamentally different from the endosymbiosis
of rabies virus in cell culture systems, where infection appears to be perfectly com-
patible with normal cell morphology and normal cell division (FERNANDES et al.,
1965). In cell culture systems, lysis and transformation can be readily detected; but
physiologic dysfunction cannot be entirely assessed. In vivo greater demands are
made on cells, particularly on neurons which must maintain the complex motor
and behavioral activities of the animal. The virus-cell relationship that appears
to be symbiotic in cell culture may in the intact animal produce disease, partic-
ularly in the brain which is the most vulnerable organ because of the great physio-
logic demands made upon its cellular elements.

In addition to the physiologic demands made upon the neurons, other unique
features of neural tissue may be important in disease production by chronic infec-
tious neuropathic agents. The specialized function of different neural cells and the
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variable susceptibility of different cell populations to infection may be important
in the genesis of different clinical diseases. For example, the neurons of the limbic
system appear to be more susceptible to rabies virus infection (JoHNsON, 1965b)
and this selective vulnerability probably accounts for the characteristic clinical
disease. By analogy, demyelination occurring in visna might be explained by a
greater susceptibility of oligodendroglia, since these cells are responsible for the
maintenance of the myelin sheaths, which represent their cell membranes. In
chronic infection of oligodendroglia even a subtle interference with enzyme systems
might ultimately result in demyelination.

Another feature which may explain why the CNS is the target organ in some
chronic infections is the apparent lack of regenerative capacity of neural tissue. The
agents of scrapie and visna have been demonstrated in many tissues of the body;
yet symptoms and pathologic lesions are almost entirely confined to the CNS
(GUDNATOTTIR and PALssON, 1966; EKLUND et al., 1965).

In view of the physiologic demands made upon CNS cells and their lack of
regenerative capacity, the question naturally arises how these cells could remain
infected for months before pathologic changes appear and symptoms become mani-
fest. The recent work of MiMs with congenital lymphocytic choriomeningitis virus
infections of mice dramatically demonstrates that neurons can remain infected
for the lifetime of the animal without evidence of pathologic abnormality or overt
clinical disease (Mims, 1966). It remains to be seen if studies of conditioning or
learning in these carrier mice would reveal subtle dysfunctions resulting from the
chronic infection.

The Role of Antibody

The role of antibody in acute virus diseases is controversial. In chronic infec-
tions its role is even more uncertain. In contrast to the traditional action of anti-
body in prevention or limitation of infection, studies with lymphocytic chorio-
meningitis virus suggest that antibody causes disease rather than terminates it (HoT-
CHIN, 1962). A similar mechanism was suggested in visna where the virus-antibody
reaction may occur on the walls of cells in the CNS, causing the cytopathic effects
(GupNADOTTIR and PALssoN, 1966). Conversely, the absence of demonstrable
antibody in scrapie was postulated as an important factor in its pathogenesis
(Gajpusexk et al.,, 1965). However, presence or absence of demonstrable neu-
tralizing antibody need not be considered of importance per se. Hypogammaglob-
ulinemic humans recover normally from virus infections; on the other hand,
infection can progress unaltered in the presence of neutralizing antibody in such
diseases as mumps encephalitis in hamsters (JOHNSON, in prep.).

Mumps virus can hardly be classified as a typical chronic infectious neuro-
pathic agent, but mumps encephalitis in hamsters produced by Kilham’s milk strain
(K1LHAM, 1951) does exhibit several facets of slow virus infection: (1) there is a de-
lay of 10-12 days between infection of CNS cells and clinical disease in newborn
hamsters, (2) the CNS cells containing demonstrable virus antigen remain morpho-
logically normal, and (3) infection progresses and disease evolves after the develop-
ment of neutralizing antibody. The disease in hamsters is characterized pathologi-
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cally by perivascular infiltrates and vasculitis, sometimes accompanied with vascular
necrosis and hemorrhages (OVERMAN et al., 1953). Initially, it was suspected that
mumps in newborn hamsters represented a post-infectious disease with antibody
evoking the vascular pathology. However, depression of the immune response with
antimetabolites and irradiation had no significant effect on the disease or its pathol-
ogy. Fluorescent antibody staining showed that virus antigen did not develop in
and around the blood vessels where the pathologic process occurred but devel-
oped within histologically normal neurons. As in rabies virus infections, viral
antigen developed slowly in small granules within the cytoplasm of neurons with-
out evidence of cell lysis. Inoculations of newborn hamsters with another strain
of mumps led to an indistinguishable vascular disease, less extensive development of
antigen within neurons, and no apparent disease. This suggests that disease produced
by theKilham’s milk strain (KiLHAM, 1951) results not from the pathologic changes
in and around vessels but from the dysfunction of morphologically intact infected
neurons. Neutralizing antibody appears to play no role in the pathogenesis once
initial infection of neurons has occurred.

Similarly, in man, fetal infection with rubella virus has been shown to persist
in the presence of maternal antibody during gestation and the neonatal period and
then continues to persist in the presence of the child’s own antibody. The repeated
finding of virus in cerebrospinal fluid is compatible with apparently normal mental
and motor development (MicHaELS, 1966). Which cells within the CNS are in-
fected remains unknown. However, cardiac and striated muscle of a child dying
with the rubella syndrome showed focal areas of antigen in histologically normal
muscle cells (Woobs et al., 1966). Whether such infection ultimately clears, con-
tinues asymptomatically, or leads to some dysfunction is unknown.

Summary

Experiments with animals and preliminary findings for several human diseases
suggest that (1) virus can infect CNS tissue for prolonged periods of time before
the onset of disease, (2) varied clinical syndromes can arise from infection of
specific cell populations within the CNS, and (3) infected cells of the CNS may
be histologically normal or they may show non-inflammatory degenerative or
demyelinative changes which were previously regarded as incompatible with an
infectious process.

The mechanisms of pathogenesis of chronic infectious neuropathic agents are
largely unknown, but it is proposed that disease results from cell dysfunction
rather than cell lysis, and unique properties of neural tissue may render the CNS
more vulnerable to disease during systemic infection.

Antibody remains an unknown factor in the pathogenesis of diseases caused
by chronic infectious neuropathic agents; its presence or absence may be of
primary importance but may also be totally irrelevant to the development of
disease.
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Aleutian Disease
A Slowly Progressive Viral Infection of Mink

Lars KARSTAD

Division of Zoonoses and Wildlife Diseases
Ontario Veterinary College, Guelph, Canada

With 8 Figures

Aleutian disease (AD) is a slowly progressive infectious disease of mink
characterized by diffuse proliferation of plasma cells, hypergammaglobulinemia,
and persistent viremia. Fibrinoid vascular lesions, neurologic derangements and
Coombs-positive anemia are seen as manifestations of advanced disease. Promi-
nent clinical signs are defective hemostasis, poor appetite, gradual wasting and
increased thirst. The most pronounced pathological changes occur in the liver
and kidneys. In the liver, these consist of interlobular proliferation of plasma
cells, proliferation of bile ducts, and loss of hepatic tissue. The major kidney
lesions are perivascular and intertubular infiltrations of plasma cells, degenera-
tive changes of tubular epithelium leading to atrophy, dilatation and hyalin cast
formation, and hyalin or fibrinoid glomerular lesions. There is a strong genetic
predisposition: mink which are homozygous for the Aleutian gene for coat color
experience the disease in a more rapidly progressive form than non-Aleutian
types of mink in which the course is more protracted, lasting several months or
years.

There is no evidence of direct neurotropism of the AD agent. In this respect,
therefore, this virus is not an ideal candidate for discussion in this symposium.
Several of its attributes, however, are similar to those of agents whose primary
effects are on the central nervous system from a comparative point of view some-
thing might be gained by considering together all “slow™ viral infections, com-
paring the morphologic and functional changes which they produce.

The Transmissible Agent of Aleutian Disease

Evidence of infection of AD was first obtained in transmission trials in which
mink were inoculated with suspensions of diseased tissues (HENSON et al., 1962a;
KarsTap and PripHAM, 1962; RusseLL, 1962). Subsequently, it was found that
the causative agent was filterable, passing membrane filters as small as 50 mu
(KarsTaDp and PripHAM, 1962; GrAY, 1964; HENSON et al., 1963) and deposited
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by centrifugation at 95,000 g (HensoN et al., 1963). It was shown to be partially
resistant to formalin inactivation (HENsON et al., 1962a; KARSTAD et al., 1963)
and to inactivation by heat, remaining infective in tissue suspensions at 80° C
for 30 minutes, and for three minutes at 99.5° C (Gray, 1964). Recently, mink
inoculated with DNA extracted from diseased spleens have developed typical
lesions and AD, while controls inoculated with enzyme-digested DNA remained
normal (BAsrUR and KArsTAD, 1966).

Fig. 1. Kidney from a standard dark mink with Aleutian disease, killed 118 days after inoculation
with a diseased tissue suspension. There are marked proliferative changes in stalk and mesangial
portions of the glomerulus and thickening of capillary basement membranes. PAS stain. x750

Mink are the only proven hosts for this virus. Early attempts to propagate
the virus in primary cultures of mink tissues appeared to be successful (BAsRUR
et al., 1963), although these findings have not subsequently been confirmed. The
suggested susceptibility of man to infection with the AD virus also lacks con-
firmation (CHAPMAN and JIMENEZ, 1963).

Transmission of the AD agent among mink occurs both horizontally and ver-
tically. HensoN et al. (1962b), POorRTER and LARSEN (1964) and PADGETT and
DickinsoN (1965) have published supporting evidence for this view. In our own
work, kits born to dams experimentally inoculated with infective materials
during gestation have developed AD in early life. In another experiment, in-
fection was shown to spread readily from inoculated to contact mink within the
same cage. Thus, AD is not only an infectious disease, it is contagious.
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Studies on the Pathogenesis of Aleutian Disease

The pathologic changes seen in mink with AD were described by HeLmMBOLDT
and JUNGHERR (1958) and OBEL (1959). LEADER et al. (1963 b) have described in
detail the pathologic changes seen in livers and kidneys, the organs most severely
affected. A further contribution to knowledge of the pathology of this disease in
mink, especially with reference to amyloid and para-amyloid lesions, was made
by TRAUTWEIN (1964).

Fig. 2. Kidney from a standard dark mink with Aleutian disease, killed 118 days after inoculation
with a suspension of diseased tissues. There is evidence of recent fibrin thrombosis of one segment
of the glomerulus, resulting in an acidophilic hyaline mass containing nuclear remnants. Peri-
glomerular tissues contain numerous plasma cells and tubules with hyaline casts. Hand E stain. x 750

Sequential studies of the histologic alterations in experimental AD revealed
plasmacytosis at an abnormally increased level, first appearing in the normal
sites of plasma cell proliferation, the lymph nodes, bone marrow and spleen.
Next the liver becomes affected, with proliferation of plasma cells in portal
areas, followed by perivascular plasma cell proliferation in renal tissues. In
severely diseased mink, perivascular plasma cell infiltrates may be found in any
tissue or organ.

Abnormal elevation of serum gamma globulin parallels the plasmacytosis
(HensoN et al.,, 1961; Kenvon and HermBorpt, 1964). The specificity of this
gamma globulin is not known; it may or may not be antibody, or it may contain
a variety of antibodies. This gamma globulin does not suppress the infectivity of
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the virus, since serum from animals with pronounced hypergammaglobulinemia
remains infective for other mink (GoruHawM et al.,, 1965). That the elevated gamma
globulin is not merely the result of nonspecific stimulation of antibody-producing
cells is attested by the observations of PORTER et al. (1964), who measured the
production of antibodies to hemocyanin and bovine globulin in mink immunized

Fig. 3. Kidney of an Aleutian mink killed 118 days after inoculation with a suspension of tissues from
mink with plasmacytosis. Fibrin thrombi are present within glomerular capillaries. PAS stain. x 750

before they were affected with AD. Antibodies resulting from such pre-immu-
nization fell rather than rose during development of the hypergammaglobulin-
emia.

Hyalin glomerular lesions are a constant finding in severely diseased mink
(LEADER et al., 1963 b). These appear to be of at least two distinct types and to
develop in different ways:

(A) Slowly developing, periodic acid Schiff (PAS)-positive thickenings of the
stalk and mesangial portions of the glomerulus (Fig. 1).

(B) Rapidly formed deposits within glomerular capillaries, staining first as
fibrin, later losing their capacity to stain as fibrin and persisting as smooth, dense,
nodular PAS-positive masses (Fig. 2 and 3).
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The hyalin PAS-positive material deposited in glomerular lesions has not been
identified. Resemblance of this material to that found in certain other glomerular
lesions, both naturally occurring and experimental, suggests an immunologic basis
for its origin (LEADER, 1964; THOoMPsON and ALIFeRris, 1964). It is therefore sur-
prising that PORTER et al. (1964) were not able to demonstrate more than trace
amounts of gamma globulin and fibrin in affected glomeruli. It is possible that

Fig. 4. Kidney of a pastel mink which died 24 hours after endotoxin injection and 35 days after
inoculation with a suspension of tissues from mink with plasmacytosis. There are fibrin thrombi
within the lumens of glomerular capillaries and tubular epithelial cells are necrotic. PAS stain. x 750

their animals did not have the severe hyalin lesions seen by others in typical cases of
advanced AD (KARsSTAD, 1965; LEADER, 1964). They noted only the mesangial
lesions described as type A, above. It seems that further study is warranted,
employing immunofluorescence to look for localization of fibrin and gamma
globulin at varying stages of development in the glomerular lesions of AD.

Recent findings on blood coagulation in mink with AD may be used to ex-
plain the pathogenesis of the type B glomerular lesions, described above. PHiLLIPS
and HENsoON (1966) report gradual progressive thrombocytopenia in mink with
AD. This, together with assay results of other coagulation factors, has prompted
them to postulate a process of prolonged intravascular fibrin formation. This
hypothesis agrees with the histologic observations we have made. Occasionally
we find evidence of recent extensive glomerular thrombosis and AD. More often
only a few glomeruli are found which have their capillaries plugged with material
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staining as fibrin with phosphotungstic acid-hematoxylin (PTAH) or with Wei-
gert’s fibrin stain. Other glomeruli in the same section will have similar nodular
hyalin masses which do not have the staining qualities of fibrin. These are ob-
viously the residual lesions of capillary thrombosis. Aging of fibrin with loss of
typical staining qualities has been described by others (LENDRUM, 1963). Perhaps
these older lesions also lose their immunospecificity for staining with antifibrinogen
by the fluorescent antibody technique.

Fig. 5. Liver of the same animal as figure 3. One lobule has been lost through thrombosis and
necrosis. The upper left of the figure contains a portal triad infiltrated with plasma cells. The
central vein can be seen the lower right of the necrotic area. H and E stain. x 190

To gain a better understanding of the role of intravascular coagulation in the
pathogenesis of AD, we attempted to produce the generalized Shwartzman re-
action. We found that mink with AD were extremely sensitive to a single injec-
tion of Escherichia coli endotoxin. As little as 0.2 mg of endotoxin administered
intracardially caused immediate signs of gastrointestinal irritability and pro-
found depression. Mink which died, or which were killed 24 hours after endo-
toxin injection, were found to have necrosis of germinal centers in the spleen and
lymph nodes, focal liver necrosis, fibrin thrombi in glomerular capillaries, and
patchy necrosis of renal tubules (Fig. 4). Obviously the mink with AD, in de-
veloping the generalized Shwartzman reaction, responded as if they had pre-
viously been sensitized by a dose of endotoxin or an injection of some substance
which caused blockade of the reticulo-endothelial system (RES).
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We may postulate that prolonged low-level intravascular coagulation results
in a state of RES overload or blockade. Such mink are then highly susceptible
to tissue injury resulting from further intravascular fibrin formation. In sup-
port of this hypothesis, we frequently find histologic evidence in AD of exten-
sive PAS-positive and iron-containing deposits within cells of the RES, focal
necrosis of liver tissue (Fig. 5) and fibrinoid glomerular lesions referred to as type
B, above (Fig. 2 and 3).

Fig. 6. Kidney of an Aleutian mink killed 97 days after inoculation with blood from a mink with
plasmacytosis. Dense granular deposits in tubular epithelial cells contain iron. Prussian blue reaction.
x 750

PorTER and his associates (1964) have employed a variety of methods to
look for evidence of the suggested autoimmunologic basis of AD. Tests for
rheumatoid factor, for lupus erythematosus (LE) cells, and for autoantigens or
autoantibodies, using the techniques of agar gel precipitation and complement
fixation, were consistently negative.

Recently RuTtH Saison, of our laboratories, found that erythrocytes of mink
with AD consistently become sensitized with serum globulins, as detected by
agglutination with antiglobulin in the direct Coombs test (Saison et al., 1966).
It is not known whether the globulin coating the red cells is autoantibody, or
antibody to some antigen adsorbed to the cell membrane. Positive Coombs test
reactions are obtained in both naturally-occurring and experimentally-induced
AD, and even in animals exposed by contact only, never having been inoculated
with tissue suspensions.
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Anemia is a consistent finding in mink in the late stages of AD. This is partly
explainable on the basis of the observed uremia and defective hemostasis (Kar-
sTAD and PripHAM, 1962; THOoMPsON and ALIFERIS, 1964; GERSHBEIN and SPEN-
CER, 1964). Black “tarry” droppings are a common finding. Loss of blood by
hemorrhage appears to be intermittent or inconstant, however, and not sufficient
to explain the anemia. It now seems probable that we are dealing with a he-
molytic anemia, perhaps of autoimmune type. The anemia of AD is char-
acterized by increased sedimentation rate, decreased hematocrit and erythrocyte

Fig. 7. Cerebrum of mink with Aleutian disease showing nodular fibrinoid arteritis associated with
hemorrhage. H and E stain. x 190

counts, and increased deposition of iron in tissues. This iron is found both within
cells of the RES and in cells of the proximal convoluted tubules (Fig. 6).

Many mink with severe AD have arterial lesions resembling polyarteritis
nodosa (LEADER et al., 1963 b; TRAUTWEIN, 1964; KarsTAD, 1965). By immuno-
fluorescent techniques, PORTER et al. (1965) were able to demonstrate the local-
ization of gamma globulin within the damaged arterial walls. The mechanism
of injury is unknown. These lesions are similar to those of polyarteritis nodosa
in man, except that in the AD lesions the inflammatory cells are usually mononu-
clear leukocytes, whereas in man, polymorphonuclear leukocytes are more com-
mon.

The functional and morphologic signs of disease of the central nervous system
in AD, seem to be directly referable to vascular lesions. Signs of derangement
are variable, depending upon the location of the arterial lesions in the brain.
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Diseased arteries have been found associated with perivascular or paravascular
hemorrhages, areas of softening, the presence of glial phagocytes loaded with
cellular and plasmatic debris, and glial scarring (Fig.7). Other lesions commonly
seen in AD are mild meningitis, perivascular cuffing with lymphocytes and
plasma cells, and plasma cell infiltration of the choroid plexus (HeLmBOLDT
and JUNGHERR, 1958; TRAUTWEIN, 1964). Ordinarily, these latter lesions alone
are not associated with clinical signs.

One of the most interesting aspects of AD is the genetic predisposition shown
by mink homozygous for the Aleutian gene for coat color. It is now recognized
that these animals have an inherited anomaly of granules in granule producing
cells throughout the body (LeaDer et al.,, 1963b; Lurzner et al.,, 1965). This
anomaly was recognized previously in man, and bears the designation Chediak-
Higashi Syndrome. Affected animals and humans have defective pigmentation
and unusual susceptibility to bacterial infections (LEADER, 1964). Increased sus-
ceptibility to viral infections, other than AD, has not been noted. Lysosomes
have been identified among the abnormal granules demonstrable by electron
microscopy (LUTzNER et al., 1965). It has been postulated that affected cells are
unable to digest phagocytosed bacteria (LEADER, 1964).

Discussion and Conclusions

Interesting facets in AD and shared by several other slowly progressive viral
infections are:

(1) persistent (tolerant) infection, often with persistent viremia,
(2) coincidence of virus and antibody,

(3) “failure” of immunity,

(4) genetic predisposition,

(5) vertical transmission and familial occurrence,

(6) autoimmune phenomena,

(7) slow inevitable development of disease.

How do these factors act in concert to produce the variety of pathologic
alterations seen in AD? A postulated double cycle of pathogenetic events is pre-
sented in Fig. 8. The primary cycle of viral infection-plasmacytosis-viral anti-
body production may be unusual only in its prolonged action. If antibody to
the virus is produced, it is not successful in suppressing the infection. Similar
“peaceful co-existence” of virus and antibody occurs in visna and in avian leukosis
(THORMAR, 1963; RuBiN et al., 1962).

The RES functions to remove antigen-antibody complexes from circulation
(LEE, 1964). WEIssMaN (1965) lists endocytosis (phagocytosis), antigen-antibody
reactions, virus infections, and endotoxin among the agents which cause labi-
lization of lysosomes within living cells, presumably in this way facilitating re-
lease of enzymes into the cytoplasm. Enzyme digestion or partial digestion of
native cytoplasmic proteins may create auto-antigens, which are stimuli to further
plasma cell proliferation and gamma globulin production. Auto-antigens pro-
duced under these circumstances would be of a variety of types; similarly their

2 Current Topics, Vol. 40
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corresponding auto-antibodies would be a diverse population. Perhaps the
damaged lysosome membranes also become auto-antigenic. WEissMaN (1965)
has mentioned a structural similarity which exists between lysosome mem-
branes and red cell membranes. It should therefore be no surprise that antibody to
lysosome membranes may cross-react with normal antigens on the erythrocyte
surface. QuIE and HirscH (1964) have demonstrated hemolytic effects of anti-
bodies to leukocyte lysosomes and the converse, cytotoxicity for leukocytes of

Pathogenesis of aleutian disease

Virus Plasmacytosis
Persistent viral
infection
/Viral antibody
Antigen-antibody

RES overload Auto-antibody
Autoimmune
disease

Damage to lysosomes Plasmacytosis

(liver and kidney)

Enzyme
denaturation

Auto-antigens

Fig. 8. Schematic representation of a postulated sequence of events in the pathogenesis of Aleutian
disease

antibody to erythrocytes. It seems possible, therefore, that antibody to enzyme-
denatured cytoplasmic constituents may be responsible for the positive Coombs
tests which we observe in AD.

One may pose the question, how does intravascular fibrin formation fit into
our schematic presentation of AD pathogenesis? It has been shown that normal
RES function is essential for the clearance of circulating fibrin. It is known that
intravenous administration of soluble antigen-antibody complexes can cause RES
blockade. Furthermore, RES blockade can be caused by an infusion of antigen into
a previously hyperimmunized animal (LEg, 1964). Regardless of the agent causing
RESblockade, the injurious factor (as seen in the generalized Shwartzman reaction)
is fibrin deposition on and within cells of the RES (Prosk et al., 1965). Degraded
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fibrin is taken up also by endothelial cells of the glomerulus (Stmon and CHATEL A-
NAT, 1963). Hemolysis and antigen-antibody complexes can contribute to intra-
vascular fibrin formation (Leg, 1964; Quick, 1957).

We may postulate, therefore, that blockade of the RES occurs in mink with AD
(as evidenced by their hypersensitivity to endotoxin), that fibrin clearance is
impeded, and that several of the major pathologic changes in AD are the direct
result of intravascular coagulation.

Support for the postulated role of lysosomes and lysosome enzymes in the
pathogenesis of AD may be found when we acquire a better understanding of
the exact nature of the lysosome defect in Aleutian type mink. What is it that
makes them more susceptible to AD? Is it cellular inability to digest and dispose
of phagocytosed antigen-antibody complexes and fibrin?

BarLow and HotcHiN (1963) have reported increased susceptibility te endo-
toxin in mice with lymphocytic choriomeningitis (LCM). Furthermore, HoT-
cHIN et al. (1963) describe the development of a “late disease” in LCM tolerant
mice; this appears to have similarities to AD with respect to renal lesions and
evidence of autoimmunity.

BURNET (1965) has postulated the development of autoimmune damage to the
central nervous system in kuru, through viral release of cerebellar antigens during
persistent tolerant infection.

We are hopeful that comparative studies on the pathogenesis of the “slow”
viral infections will continue to provide useful guidelines for further investiga-
tions, leading eventually to complete understanding.

Summary

Aleutian disease (AD) is described as a slowly-progressive viral infection of
mink causing extensive plasmacytosis, hypergammaglobulinemia, and lesions
typical of an “autoimmune disease”. Hypersensitivity to endotoxin is indicative
of damage to the reticulo-endothelial system (RES). This, in mink with AD, ap-
pears to be responsible for failure of circulation fibrin clearance and intravascular
thrombosis. Intravascular coagulation is believed directly responsible for some of
the major pathologic changes in AD, such as focal liver necrosis and hyalin
glomerular lesions. Coombs-positive anemia develops as a late manifestation of
disease. Hemolysis, antigen-antibody complexes, and thrombocytopenia prob-
ably all contribute to increased intravascular fibrin formation. It is postulated
that excessive phagocytosisof fibrin and antigen-antibody complexes by cells of the
RES may predispose to a sequence of intracytoplasmic release of lysosome en-
zymes, denaturation of native proteins and the creation of auto-antigens. Aleutian
disease may represent, therefore, a virus-induced autoimmune process.

References
Barrow, J. L., and J. HotcHiN: Hyper-reactivity to endotoxin in mice infected with
lymphocytic choriomeningitis. Fed. Proc. 22, (2) Pt. 1, 628 (1963).
Basrugr, P. K., D. P. Gray, and L. Karstap: Aleutian disease (plasmacytosis) of mink.
II1. Propagation of the virus in mink tissue cultures. Canad. J. comp. med. 27, 301—
306 (1963).

2%



20 L. KARSTAD:

Basrur,P. K., and L. KARsTAD: Studies on viral plasmacytosis (Aleutian disease) of mink.
VII. Infection of mink with DNA prepared from diseased spleens. Canad. J. comp.
Med. (In press, 1966.)

BurnNET, F. M.: Appendix to The changing face of kuru by J. P. MaTHEWs. Lancet 1965 I,
1141—1142.

CHAPMAN, 1., and F. A. JiMENEZ: Aleutian-mink disease in man. New Engl. J. Med. 269,
1171—1174 (1963).

GERSHBEIN, L. L., and KaTHrYN L. SPENCER: Clinical chemical studies in Aleutian disease
of mink. Canad. J. comp. med. 28, 8—12 (1964).

Gornam, J.R., R. W. LEADER, and J. B. HENsoN: Neutralizing ability of hypergamma-
globulinemic serum on Aleutian disease virus of mink (Abstract). Fed. Proc. 22, (Pt. 1),
265 (1965).

Gray, D.P.: Studies on the etiology of plasmacytosis of mink, p.65. MVSc. thesis.
University of Toronto, 1964.

Heimsoror, C.F., and E.L. Juncuerr: The pathology of Aleutian disease in mink.
Amer. J. vet. Res. 19, 212—222 (1958).

Henson, J.B., R. W. Leaper and J.R.Goruam: Hypergammaglobulinemia in mink.
Proc. Soc. exp. Biol. (N. Y.) 107, 919—920 (1961).

—, J. R. Goruawm, R. W. LEADER, and B. M. WaGNER: Experimental hypergammaglob-
ulinemia in mink. J. exp. Med. 116, 357—364 (1962 a).

— — — A field test for Aleutian disease. (Preliminary report.) Nat. Fur News 34, 8, 9,
23, 25 and 26 (1962b).

— — — Hypergammaglobulinemia in mink initiated by a cell-free filtrate. Nature
(Lond.) 197, 207 (1963).

HorcHin, J., Lois M. Benson, and Doris N. Corrins: Late-onset kidney disease of
mice with persistent tolerant infection with lymphocytic choriomeningitis. Fed. Proc.
22, (2) Pr. 1, 441 (1963).

KAaRsTAD, L.: Viral plasmacytosis (Aleutian disease) in mink. V. The occurrence of hyalin
glomerular lesions and fibrinoid arteritis in experimental infections. Canad. J. comp.
Med. 29, 66—74 (1965).

—, and T. J. PripuAM: Aleutian disease of mink. I. Evidence of its viral etiology. Canad.
J. comp. Med. 26, 97—102 (1962).

— —, and D. P. Gray: Aleutian disease (plasmacytosis) of mink. II. Responses of mink
to formalin-treated diseased tissues and to subsequent challenge with virulent inoc-
ulum. Canad. J. comp. Med. 27, 124—128 (1963).

KENYON, A.J., and C. F. HELmBoLpT: Solubility and electrophoretic characterizations
of globulins from mink with Aleutian disease. Amer. ]J. vet. Res. 25, 1535—1541

1964).
LEAS)ER, R. W.: Lower animals, spontaneous disease, and man. Arch. Path. 78, 390—404
1964).

— (G A.)PADGETT, and J. R. Goruam: Studies of abnormal leukocyte bodies in the mink.
Blood 22, 477—484 (1963 a).

— B. M. WaGNER; J. B. Henson, and J. R. Goruau: Structural and histochemical obser-
vations of liver and kidney in Aleutian disease in mink. Amer. J. Path. 43, 33—53
(1963b). "

Lek, L.: Mechanisms involved in the production of the generalized Shwartzman reaction.
In: Bacterial Endotoxins: Proceedings of a symposium, p. 648—657. Rutgers Uni-
versity. Ranway, N. J.: Quinn & Boden Co. 1964.

LenpruM, A.C.: The hypertensive diabetic kidney as a model of the so-called collagen
diseases. Canad. med. Ass. J. 88, 442—452 (1963).

LutzNer, M. A., J. H. TiErNEY, and and E. P. BEnprTT: Giant granules and widespread
cytoplasmic inclusions in a genetic syndrome of Aleutian mink. Lab. Invest. 14, (12)
2063—2079 (1965).



Aleutian Disease. A Slowly Progressive Viral Infection of Mink 21

OgEL, ANNA-Lisa: Studies on a disease of mink with systemic proliferation of the plasma
cells. Amer. J. vet. Res. 20, 384—393 (1959).

PapcerT, G. A., and E. O. DickINSON: In utero death of feti in Aleutian disease. Nat.
Fur News 37, 20—21 (1965).

Puirvies, L. L., and J. B. Henson: Coagulation changes in Aleutian mink disease. Fed.
Proc. 25, (2) Pt. 1, 620 (Abstract) (1966).

PorTER, D. D., and A. E. LARSEN: Statistical survey of Aleutian disease in ranch mink.
Amer. J. vet. Res. 25, 1226—1229 (1964).

— F. J.Dixon, and A.E.Larsen: Metabolism and function of gamma globulin in
Aleutian disease of mink. J. exp. Med. 121, 889—900 (1965).

Prose, P. H., L.Leg, and S.D.Bark: Electron microscopic study of the phagocytic
fibrin-clearing mechanism. Amer. J. Path. 46, 3A — Scient. Proc. Amer. Assoc. Path.
and Bact. (1965).

Quick, A. J.: Hemorrhagic diseases. Philadelphia: Lea & Febiger, 1957.

Quig, P.G,, and J. G. HirscH: Antiserum to leucocyte lysosomes: its cytoxic, granulo-
cytic and hemolytic activities. J. exp. Med. 120, 149—196 (1964).

Rusin, H., L. Fansuier, A. CorNELwus, and W. F. HuGhes: Tolerance and immunity
in chickens after congenital and contact infection with an avian leukosis virus.
Virology 17, 143—156 (1962).

Russer, J. D.: Research and control of Aleutian disease. Nat. Fur News 34, 8, 23, and 33
(1962).

Sason, Rurth, L. Karstap, and T. J. PripHAM: Viral plasmacytosis (Aleutian disease) in
mink. VI. The development of positive Coombs tests in experimental infections.
Canad. J. comp. Med. 30, 151—156 (1966).

SiMoN, G., and F. CHATELANAT: Fibrin and fibrinoid in the glomerulopathies. Com-
parative study in experimental and spontaneous pathology. Path. et Microbiol. (Basel)
26, (2), 191—205 (1963).

TuompsoN, G.R.,and P. Arireris: A clinical-pathological study of Aleutian mink disease;
an experimental model for study of the connective-tissue diseases. Arthr. and Rheum.
7, 521—533 (1964).

TrHORMAR, H.: Neutralization of visna virus by antiserum from sheep. J. Immunol. 90, 185
(1963).

TraUuTWEIN, G.: Experimentelle Untersuchungen iiber die Aleutenkrankheit (“Aleutian
disease”) der Nerze. Arch. exp. Vet.-Med. 81, 287—395 (1964).

WEIssMANN, G.: Lysosomes (a review). New Engl. J. Med. 273, 1084—1090 and 1143—
1149 (1965).

Acknowledgement. These studies were supported in part by a grant from the Medical
Research Council of Canada.



Cell -Virus Interactions in Tissue Cultures Infected
with Visna and Maedi Viruses

HALLDOR THORMAR

Departamento de Virologia, Instituto Venezolano de Investigaciones Cientificas
Apartado 1827, Caracas, Venezuela

With 6 Figures

Introduction

Visna and maedi are slowly progressing virus diseases of sheep affecting the
central nervous system and the lungs, respectively. THORMAR and PALssON (1966)
recently reviewed the clinical and pathologic aspects of these two diseases.

In 1957 a virus was isolated in sheep choroid plexus tissue culture from a sheep
brain showing lesions of visna (SiGURDSSON et al., 1960), and in 1958 a virus was
isolated from the lungs of sheep affected with maedi in the same tissue culture
system (SIGURDARDOTTIR and THORMAR, 1964). Since then, these viruses have
been isolated routinely from organs of sheep affected with visna and maedi. Tissue
culture passages of the visna and maedi viruses consistently produce the respective
disease in inoculated sheep. The viruses can be re-isolated from blood, cerebrospinal
fluid, brain, lungs, and other organs of the animals during the preclinical as well
as during the clinical phase of the diseases.

A comparison of visna and maedi viruses has shown that they are similar
with respect to their physical, chemical, and biological characteristics (THORMAR,
1966 a, 1966 b). The viruses cross-react in neutralization tests, but antiserum against
visna virus usually neutralize maedi virus to a lesser extent than the homologous
virus strain (THORMAR and HELGADOTTIR, 1965). All studies of visna and maedi
viruses were conducted in monolayer cultures of choroid plexus cells of sheep.
These cells are fibroblast-like and can be maintained through at least 20 serial
passages.

Physical and Chemical Properties of the Viruses

Visna virus is medium sized. In osmium fixed preparations embedded in
methacrylate the diameter of the virus particles varies between approximately
70 and 100 my, with an average of 85mu. The particles are apparently spherical
bodies surrounded by a thin membrane and containing a dense centrally located
core, about 30 to 40 my in diameter. Similar particles were observed both in sections
of infected cell cultures (THORMAR, 1961) and in sections of pellets sedimented by
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ultracentrifugation from tissue culture fluid with a titer of about 10° TCIDs, per
ml (THORMAR and BIRCH-ANDERSEN, 1962 unpubl.).

In preparations stained with phosphotungstate the visna virus particles also
vary considerably in size but generally appear larger than in methacrylate em-
bedded preparations, being about 90 to 100 mu in diameter. The particles are sut-

Fig. 1. A clump of visna virus particles. A concentric ring structure is indicated in the interior
of some of the particles (arrows). Negative staining with potassium phosphotungstate, pH 7.0.
Magnification: x 110,000. Reprinted from THORMAR and CRUICKSHANK. (Academic Press)
Virology 25, 145 (1965)

rounded by an envelope covered with projections measuring about 100 A in length
and resembling the spikes which cover the envelope of influenza viruses (THORMAR
and CRUICKSHANK, 1965). It has not yet been possible to detect with certainty the
internal structure of the particles, but in a few instances a concentric ring arrange-
ment was observed, suggesting a helical structure (Fig. 1).

Visna virus is rapidly inactivated at and below pH 4.2 and by heating at 56° C.
It is sensitive to ether, chloroform, ethanol, phenol, metaperiodate, and trypsin.
The virus is inactivated by ultraviolet light, but about 10 times more slowly than
NDV, poliovirus and herpes virus (THORMAR, 1960, 1965 a).
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The nucleic acid composition of the visna virion is as yet unknown. When
tested with erythrocytes of a variety of species under various conditions, the virus
did not hemagglutinate or cause hemadsorption (THORMAR, 1965a).

Maedi virus is in the size range of 60 to 90 mp when measured in osmium fixed
preparations embedded in methacrylate. Its size is probably not significantly dif-
ferent from that of visna virus. The structure of maedi virus in methacrylate em-
bedded preparations as well as its sensitivity to chemical and physical agents is
identical to that of visna virus, except that it is slightly more acid sensitive (THOR-
MAR, 19652).

Cell-Virus Interactions during a Growth Cycle at 37° C

Little is known about the earliest phase of interaction between visna virus and
its host cell regarding virus attachment and penetration. There is, however, some
indirect evidence that the virus adsorbs rapidly to the cell surface. Using a small
inoculum, adsorption of virus appeared to be almost complete within 1 hour and
was complete within 2 hours. An adsorption period as short as 1 minute was
sufficient to cause infection of some of the cultures (THORMAR, 1963 a).

When a small dose of virus was mixed with an excess of neutralizing antiserum
and inoculated into tissue culture immediately without incubation, the cell layer
became infected (THORMAR, 1963 b). This is indirect evidence of rapid adsorption
of visna virus and suggests that the rate of virus adsorption to the cell surface,
is more rapid than the rate of neutralization of the virus by antibody.

After inoculation of cell monolayers with approximately 10 to 20 TCIDs, of
visna virus per cell there is a latent period of about 20 hours before the first prog-
eny virus appears. The events taking place during this rather long latent period
are almost completely unknown. We know, however, that if 70 uM (20 pg per ml)
of 5-bromodeoxyuridine (BUDR), an inhibitor of normal DNA synthesis, is added
to the cell layers 1 to 2 hours after inoculation there is a complete inhibition of
virus multiplication and cytopathic effect (THORMAR, 1965 b). The effect of BUDR
decreases rapidly with time; that added later than 2 hours after inoculation has
a lessened effect, and that added later than 8 hours after inoculation has no effect
(Fig. 2). Incubation of cell layers with BUDR for 20 hours prior to inoculation
and during the 1 hour adsorption period had no demonstrable effect on the virus
replication if the inhibitor was removed by washing at the end of this period. On
the other hand, if the inhibitor was applied for a 6 hour period early in the latent
phase and then removed by washing, there was a marked delay of virus formation.
Since BUDR inhibits visna virus production in concentrations as low as those
known to suppress normal DNA synthesis and the inhibition is partly overcome
by addition of thymidine, the data seem to indicate that there is a period of
DNA synthesis, which is necessary for the production of infective visna virus.
This period of DNA synthesis is initiated in the cells 1 to 2 hours after infection
and is largely completed in less than 8 hours or about 15 to 20 hours before the
formation of virus.

Actinomycin D also interfered with the replication of visna virus. Cell mono-
layers were exposed to actinomycin D in a concentration of 0.25 pg per ml for



Log 7CIDsy /ml,

Cell-Virus Interactions in Tissue Cultures Infected with Visna and Maedi Viruses 25

periods of two and one-half hours at various times during the viral growth cycle.
At the end of the two and one-half hour periods the inhibitor was removed from
the culture medium by washing and the cell layers were incubated with fresh
medium. All cultures were harvested 38 hours after inoculation and titrated.
Actinomycin was found to inhibit virus formation when added during the latent
period. If it was added during the growth phase, 20 to 30 hours after inoculation,
it was found to stop further production of infective virus almost immediately.
The effect of treatment with actinomycin seemed to be reversible, however, since
virus multiplication was observed in the cultures if they were incubated for 2 to
3 days rather than for 38 hours before being harvested. Also, when actinomycin
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Fig. 2. Temporal relationship between inhibition by BUDR (@) and the growth cycle (O) of visna

virus in monolayer cultures of sheep cells. BUDR was added to the cell cultures at various times

after infection (abscissa) and the virus yield determined 58 hours after infection. Reprinted from
THORMAR. (Academic Press) Virology 26, 36 (1965)

Fig. 3. Growth curves of visna and maedi viruses in monolayer cultures of sheep cells at 37° C.

Free virus (@, A) and cell associated virus (O, A) is plotted against the time since inoculation.

The horizontal broken lines indicate the approximate number of cells in the cultures. The degree

of CPE is indicated by plus signs. Visna left and maedi right ordinate. Reprinted from THORMAR.
Res. Vet. Sci. 6, 117 (1965)

yield of progeny virus measured 38 hours after inoculation. These experi-
ments were interpreted to mean that visna virus reproduction depends on a DNA-
directed RNA synthesis taking place shortly before the formation of the virus
(THORMAR, 1965b). The effect of BUDR and actinomycin D on the multiplication
of visna virus seems to be similar to the effect of these inhibitors on the multi-
plication of Rous sarcoma virus as reported by TEmIN (1963, 1964) and by BADER
(1964, 1965).

The growth phase of visna virus lasts about 15 to 20 hours (Fig. 3). Then
virus production gradually levels off at about 100 TCIDs, per tissue culture cell.
This figure represents the average minimum yield virus per host cell, since we do
not know the actual number of infected cells in this system. Free virus in the fluid

Log 7C70g/m
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medium appears at about the same time as the cell associated virus (CAV), and
during the growth phase the titer of free virus is equal or higher than that of CAV.
The “release time” of visna virus was estimated by the method of RusIN and co-
workers (1955) to be approximately 2 hours. Almost 99%0 of the CAV was neu-
tralized by visna antiserum applied to the intact cell layer indicating that most of
the virus was located at the cell membrane (THORMAR, 1963 a). It would appear,

Fig. 4. A section of infected cells showing budding of the cell membrane, double-walled spherical
bodies, and visna virus particles with a central core. OsO, fixation and lead hydroxide staining.
Embedding in methacrylate. Magnification: x 18,000

therefore, that the infectious virus is formed at the time of its release from the
cell. This is in accord with electron microscope studies of cell monolayers infected
with visna virus which indicated that the virus particles were formed by budding
of the external cell membrane and were released as double-walled spherical bodies
(Figs. 4 and 5). After they separated from the cell, the double-walled bodies seemed
to contract to form the typical visna virus particles which contain a central core
bounded by an apparently single membrane. The double-walled bodies were al-
ways seen near cells showing budding of the cell membrane, and often they were
mixed with the typical virus particles. Visna virus particles have not been observed
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intracellularly but were present in a large number outside the cells (THORMAR,
1961).

It is not known where in the host cells the various components of the visna virion
are formed. Staining with acridine orange indicates that the structure of the nucleus
is little affected by the infection, even in cells showing pronounced cytopathic
effects (THORMAR, 1966¢). The intensity of red fluorescence in the cytoplasm, on

Fig. 5. A section of an infected cell showing budding of the cell membrane. Fixing, staining and
embedding as in Fig. 4. Magnification: x 100,000

the other hand, is increased indicating an increased content of RNA. The stellate
cells, characteristic for cell monolayers infected with visna virus, show bright red
processes stretching out from the cytoplasm (Fig. 6). Increased green fluorescence,
associated with an increased content of DNA, could not be detected either in the
nucleus or in the cytoplasm. These observations indicate that RNA accumulates
in the cytoplasm during the infection of the cells.

In cell cultures inoculated with a high dose of visna virus, i.e., about 10 to 20
TCIDj, per cell, the first CPE was visible about 25 to 30 hours after inoculation.
Stellate cells with increased refractility were seen scattered near the margin of the
cell layer. During the following 10 to 20 hours the CPE spread over the entire
culture, converting most of the cells into large stellate forms. Shortly thereafter
the cells rounded up and became separated from the glass. When cultures were
fixed and stained, it was observed that the large stellate cells were multinucleated
with 2 to at least 20 nuclei often arranged in a circle around the center of the
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giant cell (Siceurpssonetal., 1960). Increase in virus titer preceded the appearance
of CPE and usually the titer reached its maximum before the degeneration of the
cell layer began. It seemed likely, therefore, that infected cells released virus for a
number of hours before they rounded up and degenerated.

Recently HarTER and CHoprrPIN (1966, in press) demonstrated that large in-
ocula of visna virus, i.e. greater than 20 TCID,, per cell, caused an extensive
syncytia formation in infected cell layers, appearing between 4 and 6 hours after
inoculation. Virus multiplication was not necessary for this effect since it was also
observed in cultures inoculated with virus which had been inactivated by ultra-
violet light. The ability to cause cell fusion, therefore, seemed to be a property of
the virus particle itself.

Fig. 6. Stellate cells from visna virus-infected monolayer stained with acridine orange

In cell layers inoculated with about 10 TCIDj, of maedi virus per cell, the first
progeny virus appeared in about 30 hours (Fig. 3). The titer increased during the
following 50 to 60 hours and levelled off about 4 days after inoculation at a value
of about 50 TCID,, of progeny virus per cell. At this time the first CPE was visible
in the cell layer. Thus, the latent period was longer, the virus multiplication slower,
and the CPE appeared much later than in cell cultures inoculated with the same
amount of visna virus. The CPE of maedi virus was similar to that of visna virus,
although there were not as many large stellate cells and more dense spindle-shaped
cells with 2 or 3 nuclei and long cytoplasmic processes were noted. When large in-
ocula are used, the CPE leads to complete destruction of the cell layer in 6 to 7
days.

Electron microscope studies showed that maedi virus was formed by budding
at the external membrane of the host cells in the same manner as visna virus
(THORMAR, 19652, 1966b).

Isolation and Growth in Tissue Cultures Containing Small Amounts
of Virus
When small amounts of visna or maedi viruses were inoculated into monolayer
cultures of choroid plexus cells,.the appearance of CPE was delayed. The smallest
detectable inoculum of visna virus produced CPE after about 12 to 14 days and
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the smallest inoculum of maedi virus after 16 to 20 days. Once a CPE appeared,
however, complete disintegration of the cell layer developed within a few days.

In primary isolations of virus from sheep affected with visna or maedi the
virus persisted in the cultures for months without ever completely destroying
the cell layer. The technique used for virus isolation was to explant small pieces
of tissue from an affected organ into a clot of chicken plasma in medium 199 with
20%o sheep serum (SIGURDARDOTTIR and THORMAR, 1964; SIGURDSSON et al.,
1960). Outgrowths of cells from the explanted tissue were normally seen after 4
days, and during the following 3 to 5 days they formed a monolayer covering
large areas of the glass surface. At this point the fluid medium was usually changed
to medium 199 with 2% sheep serum. After a number of days, probably depending
on the amount of virus present in the original explant, CPE appeared in the cell
layer, and when the fluid was passed into fresh cell cultures it was found to con-
tain small amounts of virus. The original cultures could be kept in the same roller
tubes for as long as 4 to 5 months. During this time small amounts of virus were
produced by the cell layer which showed a CPE with cell degeneration, but never
disintegrated completely. If the concentration of normal sheep serum in the fluid
medium was increased to 20%, an increased cell growth was observed and the
partly destroyed cell layer was repaired and the CPE became less pronounced.

When the serum concentration was again reduced the CPE increased and the
cell layer became discontinuous. Therefore, in these cultures a balance between cell
growth and destruction of cells by the virus seemed to exist and this balance could
be pushed in favor of cell growth, at least temporarily, by increasing the concen-
tration of normal sheep serum. However, after a few passages in choroid plexus
cultures the virus became adapted and caused complete cell degeneration within
a limited time.

Discussion

Studies of the interactions between visna and maedi viruses and their host cells
in tissue culture have not, so far, contributed greatly to our understanding of the
extreme slowness of the infections caused by these viruses. Sheep become ill as late
as 3 to 6 years after inoculation and apparently produce virus throughout all or
most of the preclinical period as well as during the clinical phase of the disease
(THorMAR and PALsson, 1966). Probably many factors are involved, most of
which have to be studied in vivo.

On the basis of the present data and data obtained by transmission experiments
in sheep some factors may be suggested. Firstly, the visna and maedi virus infec-
tions in cell cultures can be considered as slow, even when large inocula of tissue
culture adapted virus are used. When using very small inocula the time before the
appearance of CPE is greatly prolonged and in explants from diseased organs
the infection can be carried on in the same culture for months, since cell growth
apparently can to some extent keep up with cell death. We do not know in which
cells or tissues of the host animal the multiplication of visna and maedi viruses
normally takes place, but since the primary histopathologic changes apparently
are confined to the mesenchymal tissue of the central nervous system and the
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lungs, these tissues presumably are the site of infection and virus production. The
histopathological changes consist mainly of proliferation of cells of the reticulo-
endothelial system, and an extensive infiltration, mostly of lymphocytes, plasma
cells and microglia. This is seen particularly in visna without causing clinical ill-
ness. Therefore, visna and maedi infections seem to be caused by slowly growing
viruses with a pronounced affinity for cell systems which can undergo consider-
able pathological change without the development of clinical signs. These factors
together may account, at least partly, for the extremely long preclinical periods
observed in visna and maedi.

The role of neutralizing antibody in visna and maedi infections is not yet
understood. Circulating antibody does not prevent the spread of virus by the blood
stream, probably because virus precursors are carried inside blood cells which
protect them. The infected blood cells are able to release virus gradually, and since
the rate of virus adsorption to the cell surface seems to be rapid compared with
the rate of neutralization of virus by antibody, some of the released virus may
be able to infect other cells.

Whether immunological reactions play a role in producing the histopathological
lesions in visna and maedi is as yet completely unknown.

Summary

A review 1s given of studies of visna and maedi viruses in cell cultures, using
strains of fibroblast-like cells from the choroid plexus of sheep brains.

Visna is a medium sized virus. It is spherical with a central core and bounded
by a thin membrane. Staining with phosphotungstate has shown that the
particles are surrounded by an envelope with projections similar to those of the
influenza viruses. The virus is ether sensitive and is rapidly inactivated by heating
to 56° C. It does not hemagglutinate a variety of red cells tested under various
conditions. Maedi virus is almost identical to visna virus in all properties studied.

After inoculation of about 10 to 20 TCIDj, of visna virus per cell into mono-
layer cell cultures there is a latent period of about 20 hours. If BUDR is added early
in the latent period, it inhibits virus multiplication completely. If added 8 hours
after inoculation it is almost without an effect on the later virus formation. Actino-
mycin D, on the other hand, is inhibitory to visna virus formation if added during
the latent period or the growth phase, which lasts about 15 to 20 hours. During
the growth phase the titer of free virus is equal to or greater than the titer of cell
associated virus, and almost 99% of the cell associated virus can be neutralized
by antiserum applied to the intact cell layer. Electron microscope studies have
shown that the virus particles are formed by budding of the external cell mem-
brane. Virus particles have not been observed inside the cells.

The growth cycle of maedi virus has been found to be slower than that of visna
virus, the latent period being about 30 hours and the growth phase lasting for 2
to 3 days. When large inocula are used, a CPE of visna virus can be detected after
1 to 2 days and of maedi virus after about 4 days. When smaller inocula are used,
the CPE appears after a longer time and the smallest detectable inoculum of tissue
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culture adapted virus causes CPE after 12 to 14 days (visna) or 16 to 20 days
(maedi). In primary isolations of virus from sheep affected with visna or maedi,
by explantation of tissue from affected organs into plasma clot, the virus can
persist in the same culture for months without ever completely destroying the cell
layer. The virus titer is low during all this period. After a few passages in a strain
of choroid plexus cells the viruses become adjusted so that they cause a complete
cell degeneration within a certain time. However, the visna and maedi virus in-
fection in cell cultures can still be considered as slow, even when a large inoculum
of tissue culture adapted virus is used.
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The slow virus diseases are a fascinating example of an immunological enigma
which may be at the center of the mechanism of slow virus disease pathogenesis.
Studies on lymphocytic choriomeningitis (LCM) virus infection in mice showed
that animals which had been inoculated at birth could suffer from a long con-
tinued infection with high titers of virus (HoTcHIN 1961, 1962). This “persistent
tolerant infection” (PTI) (HorcHin and WEIGAND, 1961) was found to lead,
after approximately 10 months, to a debilitating fatal disease (HoTcHN, 1962;
Hotcuin and CoLLiNs, 1964). A brief look at this situation with LCM will in-
troduce the main subject of my discussion.

Fig. 1 shows early results (HoTcHIN and WEIGAND, 1961) obtained by inocula-
tion shortly after birth of LCM virus into mice of different ages. Intracerebral
inoculation at any time between 4 and 7 days caused 100 per cent mortality. As
the day of inoculation was moved closer to the time of birth, mortality dropped
until at approximately 6 hours after birth it was below 20 per cent. For some un-
explained reason inoculation earlier than 6 hours caused a higher rate of mortality.
The curve relating mortality to age at inoculation has the same general shape as
those curves relating the degree of effectiveness of induction of acquired immuno-
logical tolerance following inoculation of tissue cells. Presumably the mechanisms
are similar if not the same. If one observes those inoculated mice which survive for
long periods of time after such neonatal infection, one finds that regardless of the
time of inoculation, there is continuing high level virus infection with high titers
in the blood for many months after inoculation. Table 1 shows a few representative
titers taken 195 days after intracerebral inoculation within a few days of birth

* This investigation was supported (in part) by research grant AI-03846 from the
National Institutes of Health, United States Public Health Service.
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(HotcHIN, 1962). It seems that in persistent tolerant infection with LCM virus,
we have a unique situation in which a virus infection is continuously active at a
high level during the life span of the affected animal, a crucially important factor
in slow virus disease which is worth comparing with standard virological latency.
The main factors in establishing latent and persistent tolerant infections with
virus are compared in Table 2. The most important one in establishing the PTI
state is the level of virus titer in the affected

00 animal; in “ordinary”latency this is low or
ol A minimal, and it may be difficult to find
= —_— / evidence of active virus at all, whereas in the
& .
N PTI state the titer is high and comparable to
3 ol / titers found at the peak of acute virus disease.
S . . . .
§ 1 / Concomitantly there exists an inverse situa-
J& tion regarding antiviral antibody, sincein the
L state no neutralizing antibody is ordi-
ol PTI stat tral tibody d
e, 2 9 Dcyql/ & 6 7 narily detectable whereas definite antibody
Age of mice af inoculation is found in latency as, for example, with

Fig. 1. The relationship between mortality  herpes simplex virus (Scort and TOKUMARU,
and age at inoculation of infant mice with  1965). The nature of the virus also differs in
LCM virus that it may be masked by antibody in laten-

cy, whereas in PTI animals at least a high proportion of the virus is in the free or
unmasked state. Nonspecific agents (ScotT and ToruMARU, 1965) and immuno-
suppressive drugs (GOTTMANN and BEATTY, 1962) can activate latent virus in-
fections such as herpes, cytomegalovirus and varicella to a higher level of virus titer
and activity while they have no effect on

Table 1. Pooled blood titers of PTI mice the PTI state (HoTcHIN, 1962; HoTCHIN
195 days after inoculation and Cintrs, 1958), which therefore takes

on the attributes of a special condition,

Age when inoculated LD,,/ml blood differ: .. £

with viras iffering in important respects from
latency.

2hours 1047 Mice which have been made PTI with

12hours 1046 certain strains of LCM virus exhibit a

4days 1042 slow virus disease after an incubation

6days 104.2

period of approximately 10 months
(HorcHin, 1962; HotcHiN and COLLINS,
1964). Fig. 2 depicts a mortality curve due to late onset disease (LD) in female
mice. Four groups of animals are shown, consisting of the experimental group (PTT)
which received neonatal IC inoculation with LCM virus, and three control groups
which received normal mouse liver, no inoculation, or LCM virus inoculation given
subcutaneously at 1 month of age. After approximately 10 months the mortality
of the PTT group rose sharply, reaching approximately 90 per centby 20 months after
inoculation, whereas all control groups were very much below this. The reason for
the temporary upsurge of mortality in the normal mouse liver-inoculated group is
at present unknown. The same results were obtained with male mice, although the
picture was less clear because these animals tend to have a higher background
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mortality due to fighting. LCM virus thus offers an example of a slow virus disease
which results only if the agent is introduced neonatally with consequent production
of immunological tolerance.

Table 2. Comparison of latent and persistent tolerant infections

Factor Latency PTI

Virus titer Low High

Antibody Present Absent

Virus Masked Unmasked (free)
X-ray, UVL, etc. Activate —
Immunosuppressive drugs Activate —

Other known or candidate slow virus diseases may be compared as to possible
methods of pathogenesis. Table 3 lists some slow virus diseases of animals, in-
cluding those capable of causing disease after inoculation of adult animals and
those requiring neonatal or congenital infection. The host species is shown and
also the main site or “target organ” of pathology. Scrapie is listed under both
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Fig. 2. The relationship between cumulative mortality and time, in four groups of female mice.

ICV = mice received LCM mouse liver IC at one day of age. NML = mice received normal mouse

liver IC at one day of age. CON = mice received no inoculation. SCV = mice received LCM virus
(same dose as ICV) at one month of age, by the SC route

categories since this infection can apparently be congenital or acquired later in
life. Lactic dehydrogenase-elevating or serum enzyme-elevating virus so far is
known to affect only the enzyme levels of the blood and does not produce any
other disease or pathology (NOTKINs et al., 1963); however, observation of affect-
ed mice may yet reveal a slow virus disease, although at present this agent could
be considered to cause essentially an incubation period without a subsequent

3
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Table 3. Slow virus diseases of animals

Disease agent Animals Target organ
Adult :
Scrapie
Rida } Sheep Cetebellum
Plasmacytosis

(Aleutian disease) Mink Connective tissue
Aftican swine fever Swine Lungs
Encephalopathy of mink Mink Cerebellum
Visna (Maedi) Sheep CNS
Infectious adenomatosis Sheep Lungs
Trifur equorum

(equine infectious anemia) Horses Blood cells
Congenital :
Scrapie Sheep Cerebellum
LDH Mice Blood enzymes
SMCA Mice ?CNS
LCM Mice Kidney (multiple)

disease. Suckling mouse cataract agent not only induces cataracts after neonatal
inoculation but also causes minor neurological changes in the mice.

Comparable conditions of man, some of which are included on a tentative
basis, are listed in Table 4. Serum hepatitis is included here as possible example
of persistent tolerant infection. Persisting congenital infection with this virus in

Table 4. Slow virus disease of man (tentative)

Disease agent Target organ
Adult :

Serum hepatitis Liver

Kuru Cerebellum

? Multiple sclerosis CNS

? Amyotrophic lateral sclerosis CNS

Aleutian mink disease Connective tissue
Equine infectious anemia Blood cells
?Iceland disease CNS

? Motor neuron disease of New Guinea CNS

Congenital :

Serum hepatitis Liver ? multiple

man would be an excellenthuman parallel to the LCM-PTI mouse model. Ithasbeen
proposed as a candidate for inclusion as a persistent tolerant infection several times
(HotcHIN,; 1962; HoTcHIN and CoLLINs, 1964; HoTcHIN, 1958). Recently Burnet
has speculated that it can induce chronic hepatitis after several years, and also
that it may be the cause of kuru in New Guinea (MATHEWS, 1965). However, it
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seems likely that the kuru agent isolated by Gajpusek, Gisss and ALPERS (1966)
is a separate entity and not the virus of serum hepatitis. Russian workers claim to
have isolates for both multiple sclerosis and amyotrophic lateral sclerosis (ZiLBer
et al., 1963). Human cases of both Aleutian mink disease (CHAPMAN and JiMMEZ,
1963) and equine infectious anemia have been recorded (PeTERS, 1954). Iceland
disease, although of dubious status as a slow virus agent, does cause long-continued
after-effects for as many as 6 years (SiGURDsSsON and GUDMIENDSSON, 1956) in-
volving tenderness, pain and nervousness, all symptoms which might be considered
psychological if this agent had not caused outbreaks on epidemic scale. Gajpusek
(1963) has described a motor-neuron disease in natives of New Guinea which has
similarities to kuru and, like it, may prove to be a slow virus disease. Rubella virus

Table 5. Relation between age and positive virus
isolation in infants cultured serially for rubella virus

Age in months Ratio of positive infants Percentage
to total cultured positive

0-1 13/17 77

2-3 6/11 55

4-5 3/11 25

>6 0/9 0

almost qualifies as causing a persistent tolerant infection of man, but the dura-
tion of this is only a few months after birth, presumably constituting only a half-
stage toward the PTI state. Table 5 shows some information on the persistence of
rubella virus (LiNDQUIST et al., 1965) which is somewhat reminiscent of the LCM
situation in mice. The virus can persist in human infants for approximately 6
months after birth before the immune system of the affected child is able finally
to eliminate it.

Since the persistence of active virus replication appears so crucial in slow virus
disease, a survey of the more obvious examples for their properties may be relevant
to this concept. Table 6 lists the available data from current literature. Many of
the agents listed persist for long periods involving months or years. This is true
for scrapie (Haprow, 1961; ExLuND et al., 1963; J. GiBss, personal communica-~
tion), encephalopathy of mink (HarTsoucH and BURGER, 1965; BURGER and
HARTSOUGH, 1965)which may well prove to be the same agent as scrapie, and rida
(ZrotNik and KATIYAR, 1961), which is regarded as scrapie occurring in Iceland; also
it is true for suckling mouse cataract agent (CLARK, 1964), the lactic dehydrogenase
virus (RILEY, 1963; BAILEY et al,, 1963; RiLEY et al., 1965), and African swine fever
(DEBOER, 1966). The latter virus (DEBOER, 1966) causes a persistent tolerant in-
fection in pigs which can apparently (DeBoEr, personal communication) cause a
fatal slow virus disease of the lung. This virus disease appears to provide an almost
exact duplication of the LCM-PTI-LD situation in mice. According to ZILBER et al.
(1963), ALS falls in the same category of slow virus disease; and visna has been
shown by the work of SicurDssoN et al. (1957); S1GURDsSON and PALssoN (1958);
TrorMAR and GUDNADOTTIR (in press) to persist for years, as does the kuru agent
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(Gajpusex et al., 1966). Equine infectious anemia virus persists for a long time
(FRIEDMAN, 1964), as does serum hepatitis virus in man (HAVENs and Paut, 1965).
Information concerning antibody production is somewhat scattered but, when
available, is strongly in favor of these agents, which are for some reason poor in-
ducers of neutralizing antibody. To date there is no evidence that antibody to
scrapie can be made (J. GiBBs, personal communication), either in the affected
animal or in alternative hosts; and in the case of visna the Icelandic workers have
shown (THORMAR, 1966) that sometimes several years elapse before antibody
finally appears.

Table 6. A comparison of immunological properties of slow viruses

Virus Long incuba- Poor, very Persistent
tion period late or virus in
(Months absent organs
or years) antibody

Scrapie (Rida) (11, 6, 22)
Aleutian mink disease (12, 34, 15)
Encephalopathy of mink (13, 2)
SMCA (4)

LDH (27,1, 28)

African swine fever (5)

Visna (Maedi) (32, 33, 35)

Kuru (9)

Equine infectious anemia (7)
Serum hepatitis (14)

+++++F++++
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From these observations the following tentative conclusions have been reached
concerning the general properties of slow viruses: (1) They actively multiply to
high titers in the host for long periods of time without apparent disease. (2) These
viruses are not recognized as “foreign” by the host, perhaps because they possess
antigenic constitutions relatively similar to that of the host or perhaps because
they produce a direct effect upon the host immune tissue. (3) An immune reaction
to such tolerated agents either is very late or does not occur at all. (4) The final
disease produced may be an autoimmune response caused by termination of the
tolerance, although the final disease may be agradual process of “erosion” of the
affected cells by the virus.

From these ideas a working concept for a practical approach to the further
study of slow virus pathogenesis is as follows: Because the host finds great diffi-
culty in recognizing these viruses as foreign, the PTI state is a fundamental pre-
requisite for slow virus disease. The long continued PTT state allows a time-de-
pendent event to occur during the ensuing long “incubation period”. Thus the
slow virus diseases are slow, not necessarily because of intrinsic slowless of the
viral agent in replication or spread as has been clearly shown, e.g. for LCM
(HoTcHiN, 1962) and scrapie (EXLUND et al,, 1963), but because of some special
interaction between the virus and the host. This “time bomb” effect is presumably
mediated either by a virus tissue reaction in the infected cells or possibly via an
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immunological factor such as the gradual appearance and selection of a mutant
clone.

At the present time the pathogenesis of the slow virus diseases may be con-
sidered from two major points of view. The first is the antigen-antibody problem,
centering around the question of the mechanism of tolerance induction and lack
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of neutralizing antibody response, and the second concerns the problem of the very
gradual or late tissue damaging effect. From these viewpoints consideration of an
imaginary model slow virus disease from a theoretical point of view is in order.
Fig. 3 shows a curve relating the proportion of infected cells to the passage of
time after inoculation of the host by the slow virus. The ordinate represents the
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Fig. 5. The relationship between the onset of clinical disease and time in a hypothetical model
slow virus system

porportion of cells which are important in the disease, i.e., the “target organ”.
Examples of this occur in the cerebellar cells in scrapie or kuru. Mere infection of
the cells presumably does not of itself cause any damage or sign of disease. After
this period the situation remains constant during the persisting tolerant infection
until the expiration of a latent period shown as 1. p. on Fig. 4. In this diagram the pre-
vious curve is shown as a dotted line; the solid line now represents the increase in
the proportion of changed or damaged tissue cells, as a result of the virus activity.
The damage is a final consequence either of virus growth in the cells themselves
or a consequence of an immunological attack on the virus infected tissue. In Fig. 5
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these data are again portrayed in the dotted form; in addition the solid line now
represents the development of clinical signs of disease with respect to time, based
on the assumption that these will become manifest only after a certain critical
proportion of functionally essential cells has been seriously damaged. In this
example, such a level is taken as 75 per cent; a perpendicular dropped from this
point on the changed cell curve would intersect the abscissa at the time of onset of
clinical disease, as shown in Fig. 5. Under these conditions the time interval be-
tween this perpendicular and the first curve (Fig. 3) is equal to the incubation
period of the disease. The rate of development of full-blown clinical disease under
these conditions may be expected to be very rapid, since the changed cell curve will
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Fig. 6. The relationship between polyoma virus induced tumor production and time in groups
of mice inoculated one or two days after birth

pass from 75 to 100 per cent in a relatively short time and the functional impair-
ment of the target organ is likely to have had a fatal result before all cells are
decayed.

This hypothesis of the pathogenesis of slow virus disease is a fairly simple
and obvious one but it does not explain the long latent period, the exact cause
of which may remain elusive for a correspondingly long time. However, the
tumor viruses, which should technically be included in the slow virus group,
suggest a possible mechanism for “time bomb” or latent period effect. The time
interval between inoculation and clinical disease with these agents isa close parallel
to that for the slow viruses. The main difference between the two groups is that
the tumor viruses cause a transformation which produces an obvious local result,
i. e., a tumor. If the other slow viruses also produce non-tumorous transformations
at about the same rate, these may well be responsible for the cellular damage
caused either by functional impairment or via a new cellular surface antigen. The
latter would then presumably evoke an immune response resulting in autoimmune
cellular destruction. The rate of transformation of cells by a tumor virus might
correspond to the rate of slow virus transformation. Such data are available in
terms of the rate of development of tumors in a population of polyoma virus
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inoculated mice. This result was obtained in the course of some earlier experiments
(HoTcHin, 1962) on the effects of persistent tolerant infection with LCM virus
upon tumor induction by polyoma virus; during this work a remarkable sup-
pressive effect of LCM virus was observed which is shown in Fig. 6. In this figure
the suppressive effect shown by the LCM virus is of lesser interest than the shape
of the curve relating tumor incidence to time. This curve can be regarded as an

I—- Special “host like” or immunologically

“inoffensive” surface

Slow virus
particle

————————> Persistent tolerant infection

Autoimmune B N Infection of cell types

Disease Susceptible to transformation

Mutant clone or waning
of tolerance

Immunological Non malignant
attack (homograft A transformation
response) fo
Cell deaths

A, B, and C are alternative mechanisms which result in destruction of specific target
tissues.
Fig.7. In this diagram the slow virus is seen as having special surface properties whereby it is
either host-like in its antigenic structure or somehow inoffensive in an immunological sense and
thereby able to induce persistent tolerant infection. Subsequently the long continued PTT state
allows infection of special cell types which are subjected to cell death either as a direct result of
the virus induced transformation or change, or possibly mediated by an immune response directed

against new cellular antigens

indication of the rate of appearance of cellular manifestations of the long term
effects of a slow virus. It was clear from the clinical observation of the rate of
increase in size of the tumors that this was a very rapid affair and was short (about
3 weeks) relative to the period during which tumors appeared (26 weeks); this
interval could not significantly affect the shape of the curve of which the main
determinant was the latent period involved in the transformation process and the
initiation of tumor growth. Therefore a close similarity exists between the shape
of this curve which was found by direct observation of an in vivo situation and
the curve (Fig. 4) representing changed cells in the hypothetical model of slow
virus pathogenesis. At the present time, tumor transformation is the only virus
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induced cell transformation with a visible marker—the tumor; therefore it is at
present not possible to tell whether the other slow viruses also induce transfor-
mations which though non-malignant nevertheless derange the cell sufficiently to
cause loss of function; perhaps the mere accumulation of viral material, as suggested
by JoHNsON (in press), is enough for this. This hypothesis of slow virus pathogenesis
can be summarized as follows (Fig.7): Slow viruses multiply for a long period
of time in the host with access to virtually all types of cell. Infection of certain
cell types is followed after a long latent period by non-malignant transformation
(or other change) of these cells which, possibly aided by immune attack, results in
loss of function; when the functional reserves of the tissue are exhausted, clinical

disease ensues.

The above concept of slow virus disease is necessarily a tentative one, but it
may be hoped that it has the merit of being open to several experimental ap-
proaches, particularly in the field of immunology, which may lead to new infor-
mation concerning this fascinating group of viruses. Twelve years ago, SIGURDsSsON
(1954) who coined the term “slow infection”, summed up the situation when he
said: “If there is a group of slow virus infections with a number of fundamental
characteristics in common, as I have suggested, it might be helpful for us to realize
this. If there is a ‘basic theme’ running through these slow infections, we should

try to discover it.”
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Search for Infectious Etiology in Chronic and
Subacute Degenerative Diseases of the Central
Nervous System

CrARENCE J. GiBBS, JR.

Laboratory of Slow, Latent, and Temperate Virus Infections,
National Institute of Neurological Diseases and Blindness,
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Our interest in slow infections stems from the early work of Gajpusek and
ZiGas (1957) which provided the first description of a strange new subacute,
familial, degenerative disease of the central nervous system, characterized by
cerebellar ataxia and trembling, called “Kuru” by the New Guineans who suffer
from it. This disease, restricted to some 12,000 natives of the Fore linguistic
group indigenous to the Eastern Highlands of New Guinea and to their immediate
neighbors with whom they intermarry, accounted for over half of the total deaths
that have occurred in their population (Gajpusek and Zicas, 1957; GAJDUSEK,
1963). The disease was first suspected to be a meningoencephalitis. However, the
lack of detectable febrile response, absence of cerebrospinal fluid pleocytosis, the
general lack of an elevated protein content and the absence of extensive perivas-
cular cuffing or other neuropathological reactions typical of infectious processes
did not support the possibility of an acute infectious etiology. Further, the epi-
demiological pattern of Kuru, restricting its spread in peripheral areas to in-
dividuals who are genetically related to the population in the center of the endemic
region, suggested some genetic determinent of disease expression. The early
hypothesis that the disease might be due to an auto-sensitization reaction was not
borne out by neuropathology or by the search for autoimmune antibodies to brain
antigen in serum specimens.

In 1959 HaprLow reported close similarities between the neuropathology,
clinical symptoms, and epidemiology of Kuru in man and of scrapie in sheep.
Scrapie is a slowly progressive degenerative disease of the central nervous system,
with an infectious etiology, to which susceptibility was shown to be genetically
determined (GorpoN, 1946; Stamp, 1958). The disease in sheep tends to run an
afebrile course with a long incubation period of from 2 to 5 years. There is no
cerebrospinal fluid pleocytosis or increase in protein content, and the neuropatho-
logical changes usually attendant in viral infections of the nervous system are not
evident. Thus, the entire problem of an infectious etiology for Kuru had to be
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reconsidered in the light of slow infections. This same approach would certainly
be effective in work on other subacute and chronic nervous system degenerations
such as multiple sclerosis, subacute inclusion body encephalitis, Parkinson’s disease,
amyotrophic lateral sclerosis and the related amyotrophic lateral sclerosis-Par-
kinsonism dementia syndrome seen in the Chamorro people in the Mariana Islands,
and the Werdnig-Hoffman disease, to illustrate a few representative diseases. All
previous attempts to isolate transmissible agents from these human diseases would
certainly have been unsuccessful using techniques applied to acute self-limited
viral infections. Rarely did investigators maintain inoculated experimental animals
under observation for periods of from three to five years as may at times be nec-
essary for clinical manifestation of scrapie in naturally infected sheep, of visna
and maedi infections in sheep, of scrapie-like disease reported as occurring only
in Icelandic sheep inoculated with human brain from an unusual type of multiple
sclerosis (PALssON et al., 1965), and of an experimentally induced amyotrophic
lateral sclerosis-like syndrome observed in monkeys and reported by Zmser in
the U.S.S.R.

Thus, in 1962 we reinitiated attempts to transmit to animals Kuru and a
number of other degenerative diseases of the central nervous system. We employed
scrapie as a model, keeping in mind SiGURDssON’s criteria for slow infections:
(a) a long initial period of latency lasting from several months to several years;
(b) a regular protracted course after clinical signs have appeared, ending in serious
disease or death; and (c) limitation of infection to a single host species and
localization of anatomical lesions in a single organ or tissue system.

In this paper we present additional data on the transmissibility and serial
passage of scrapie to mice with cell-free filtrates and new filtration data on the
size of the virus, confirm its unusual thermostability as compared to most other
viruses, report data on the density of scrapie virus as determined by cesium
chloride density gradient centrifugation, illustrate our failure to demonstrate
immune antibody in naturally or experimentally infected animals, and discuss
the probable reasons for failure to demonstrate clearly any antibody in sera from
animals hyperimmunized with scrapie-infected sheep or mouse brain suspensions.
In addition, we present a summary of our program on attempts to transmit sub-
acute and chronic degenerative diseases of the human central nervous system to
a variety of mammalian and avian hosts and, finally, we report the current status
of our work on the successful transmission of a Kuru-like syndrome to chimpanzees
from brain suspensions of Kuru victims. The preliminary data were summarized
recently (GAJDUSEK et al., 1966).

The strain of scrapie virus we have employed in most of our studies is the
Compton strain designated SPG 9, isolated by CHANDLER from a sheep in Eng-
land and subsequently adapted by him to goats. The virus was in the ninth goat
passage when received in our laboratory, where it has been easily adapted to
several strains of mice. In addition, we have isolated many strains of the scrapie
virus in groups of mice inoculated with separate brain specimens of United States
sheep naturally infected with scrapie. Although the incubation period of the virus
in mice inoculated with sheep tissue may range from 12 to 15 months before clinical
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disease is observed, the virus adapts easily to mice after several passages and the
incubation period is then 4 to 6 months.

Results of Scrapie Studies

The data tabulated in Table 1 illustrate the serial transmissibility of the scrapie
virus in mice by the intracerebral or intraperitoneal routes following storage either
as frozen or lyophilized stock seed suspensions. Clinically the mice develop hyper-
excitability, drowsiness, waddling incoordinated gait, emaciation, a stiff almost
catatonic tail, and in many instances, a urinary and fecal incontinence and per-
sistent priapism; the neuropathological lesions consist of marked astrogliosis,
vacuolation, loss of neurons and myelin degeneration, predominantly of the
cerebellar and hypothalamic systems, and absence of inflammatory lesions. The
pathogenesis of the virus in mice as reported by ExLunDp et al. (1964) shows a
widespread distribution of the virus, first in the reticuloendothelial system and
only much later in the central nervous system, the target organ.

Table 1. Serial propagation of scrapie virus in mice

Strain Passage Age of mice Route of Infectivity titer
designation level (in days) inoculation (log,LD;e)
SPGY * M/1 40 ic. 10-5-8
M/2 (wet) 35 ic. 10-¢.0
M/2 (post 17 i.c. 10-8.0
lyophilization) ip. 10-62
M/3 40 ic. 10-55
i.p. 10-+7
20 ic. 10-5.3
ip. 10-5-2
M/4 30 i.c. 10-81

* Brain of ninth passage in goats of Compton strain.

Estimate of size by filtration

It was of interest to determine the size of the scrapie virus particle inasmuch
as such information in the literature was at best speculative. A 10%o suspension
of the scrapie infected mouse brain tissue in phosphate buffered physiological
saline (pH 7.4) was centrifuged at 5000 rpm for 30 minutes, the supernatant fluid
then serially passed through gradacol membranes of 520 my, 220 my, 82 my, 43 my,
27 mp, and 8 mp diameters. Serial dilutions of filtrates were inoculated intra-
cerebrally into litters of three-to five-day-old Swiss mice. As shown in Table 2,
deaths attributable to scrapie occurred with all filtrates through membranes down
to and including 43 mp pore diameter, but particles infectious for mice were not
detected in the filtrate that had passed the 27 mp membrane nor in the filtrate
that had passed the 8 mu membrane. Thus, the virus is very small in the range of
16 to 26 mu. In support of these results are data, obtained by Avrper et al. for
inactivation of scrapie by ionizing radiation. They calculated the “target size”
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of scrapie to be approximately 7 mp (1966). While data from these later experi-
ments would place scrapie among the smallest of viruses, the results are based on
the size of the infective core rather than the entire virus particle. Nevertheless,
the small size of the virus would help to explain some of its unorthodox char-
acteristics, such as resistance to ultraviolet irradiation and to inactivation by
organic solvents tested. In collaboration with Dr. PAVEL ALBRECHT of our labo-
ratory, we recently performed a series of experiments to further assay the size of
the virus as well as the susceptibility of virus infectivity to ultraviolet irradiation,
RNAse and DNAse.

Table 2. Determination of particle size of scrapie agent by gradacol membrane filtration

Dilution Pre-filtration Ability of selected filtrates to induce scrapie disease in mice **
of infectivity
inoculum* titer

520 mp 220mp 82mp  43mp  27mp 8mp
filtrate  filtrate  filtrate  filtrate  filtrate  filtrate

10 6/6 0/10  0/10
10-2 6/6 9/9 0/8

10-3 9/9 6/6 6/6 6/6 5/6

104 11/11 6/6 6/7

10-5 5/5 2/3 0/2

106 0/7 4/9 0/6

10~ 0/6 0/6

10-¢ 0/2 0/7

10-° 0/11

LDEO 10—5.5 10—5.7 10—4.4 > 10—30 > 10—30 < 10—1.0 < 10—-1.0

* Virus was in the form of a 1096 mouse brain suspension in isotonic physiological
saline-phosphate buffer (pH?7.4) clarified by centrifugation at 5,000 rpm/30 minutes.

#* Expressed as the number of mice developing scrapie/number of mice inoculated.

Thermostability

Scrapie virus in crude mouse brain is more resistant to thermal inactivation
than other “more conventional viruses”. This observation, first made by CHANDLER
(1961), has been confirmed in our laboratory. Suspensions of scrapie-infected
mouse brain tissue were prepared in isotonic phosphate buffered saline, clarified
by centrifugation at 2500 rpm for 30 minutes, and aliquots, both undiluted 10%
suspensions and suspensions serially diluted tenfold in phosphate buffered saline,
were distributed into glass ampules which were then sealed and immersed in a
stationary position in mechanically agitated constant temperature (100° C) water
for varying time intervals. As may be noted in Table 3, while approximately 4 logs
of virus, 99.9%/; of the infectivity, were destroyed by exposure to 100° C for
15 minutes, such a temperature cannot be relied upon to produce total inactivation.
However, it should be noted that in preparations containing less proteinaceous
material, the agent might be less heat resistant, although in our experiments done
on the virus serially diluted before exposure (see Table 3), the 10-2 dilution of in-
fected brain tissue remained infectious after exposure to 100° C for 10 minutes.
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HunTER (1965) has recently reported that the critical temperature for rapid heat
inactivation of scrapie virus is 87.5° C; at lower temperatures the inactivation is
extremely slow.

Cesium chloride density gradient studies

In order to characterize scrapie virus by physicochemical methods, an attempt
was made to determine the density of the virus in our density gradient centrifuga-
tion using cesium chloride gradient with centrifugation at 39,000 rpm for 24 hours.
The infectivity for mice injected intracerebrally with the different fractions and
the corresponding density is illustrated in Table 4. Maximum virus concentration
was detected in that fraction whose density was about 1.32. This suggests that the
virus is not dense enough to be a naked nucleic acid, as some people have hypo-
thesized, but, on the other hand, too dense to contain a lipid coat. It was feasible
to precipitate non-viral protein with fluorocarbon but considerable loss of infec-
tivity was observed after vigorous two-fold treatment with Gentron-112.

Failure to demonstrate antibody to scrapie virus

The most disturbing aspect of the study of scrapie has surely been the consistent
failure to demonstrate antibody to the virus by any of the many techniques that
have been employed. Complement fixation, precipitation, gel-diffusion, direct and
indirect fluorescent antibody techniques have been unsuccessful to date. Neutral-
ization attempts by numerous modifications of the conventional virus neutraliza-

Table 6. Attemptstodemonstrate neutralizing antibody to scrapie

Serum incubation: 37°C/l1hr.  4°C/24 hrs. 27°C/72 hrs.
inoculation: IP SC IP SC IC

Pre-rabbit 131 55 4.3 53 4.0 4.6

Post rabbit 131 48 3.8 47 3.4 4.5

Post rabbit 111 ND ND 4.7 34 4.8

Post rooster 46 ND ND 3.8 3.6 ND

Human 1595 ND ND 6.0 ND 5.0

None 48 4.0 4.8 3.8 5.0

tion test as shown in Tables 5 and 6 failed to demonstrate presence of antiviral
antibody. Furthermore, the data presented in Table 7 show that passive protection
type tests, such as those required to demonstrate neutralization of hog cholera virus,
by inoculating serum into test animals two to four hours before the virus dilutions
are injected peripherally, have yielded questionably significant neutralization
indices. Sera from both normal and scrapie affected sheep and mice and also sera
of monkeys, roosters and rabbits immunized by repeated injections of scrapie in-
fected mouse brain suspensions have been used in these neutralization tests.

Unless the concentration of antigen in infected mouse brain tissue (LDj, titer
107%) is too low to provoke an antibody response, some other mechanism has to be

4
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postulated in order to explain the inability of scrapie to evoke an immune response
demonstrable by the currently available techniques.

Thus, although most investigators now agree that the etiologic agent of scrapie
is a virus, many biological and physical properties require better and more detailed

Table 7. Mouse passive protection type neutralization test with scrapie

Serum Dilution  Virus titer Neutralization
of serum  (log;,LD;,/.3mlSC) index

Notmal monkey 1:10 4.4
Post monkey 604-0 1:10 3.9 0.5
Post monkey 622-N 1:10 4.0 0.4
Post monkey 637-N 1:10 4.5
Post monkey 643-N 1:10 4.7
Pre-rabbit 13130 1:5 4.5
Post 128 days 1:5 4.8
Post 342 days 1:5 3.6 0.9
Post 483 days 1:5 3.7 0.8
Notmal sheep undiluted 5.6

Scrapie terminal
sheep 103529 E undiluted 5.4

Pre-rooster 84 E 1:8 4.6
Post 60 days 1:8 4.7

definition before the true nature of the virus is clearly understood. Nevertheless,
it continues to aid in the gathering of data directly applicable to our study of
human diseases.

Results of Kuru Studies

In 1964 (Gajpusek and Giss) and 1965 (Giees and GAjpUsek), we described
in detail our program of work on the possible infectious etiology of subacute and
chronic human central nervous system diseases. We presented negative results on
isolation and experimental transmission following 19 and 21 months of observa-
tion of a variety of several species of many different hosts. These included chim-
panzees, monkeys, and smaller animals inoculated with suspensions of human
brain and other tissues obtained at surgical biopsy or early autopsy and preserved
under optimal conditions of liquid nitrogen or mechanically controlled tempera-
tures of lower than —70° C. The diseases under study included Kuru, amyotrophic
lateral sclerosis, Parkinson’s disease, amyotrophic lateral sclerosis-Parkinsonism
dementia syndrome observed in Chamorro natives of Guam, subacute inclusion
body encephalitis, multiple sclerosis, Schilder’s disease, progressive multifocal
leukoencephalopathy and necrotizing encephalitis.

In early 1966 (Gajpusex et al.) we presented details of the apparent trans-
mission of Kuru to chimpanzees and of our present efforts at virus isolation from
tissues from these animals and from Kuru patients. A clinical syndrome, resem-
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bling Kuru in man, has now developed in seven of the eight chimpanzees 18 to 30
months after intracerebral inoculation with brain suspension from different Kuru
patients. This fatal syndrome with progressive cerebellar ataxia and incoordina-
tion has not been seen as a spontaneous disease of apes and is the most encouraging
evidence to date of the transmissibility of one of the subacute or chronic human
central nervous system diseases under investigation in our program.

Results of the experiments in chimpanzees are summarized in Table 8. It is note-
worthy that the incubation period in the seven affected animals has ranged from
18 to 30 months. The interval between the appearance of the first clinical signs and
the sacrifice of the animals was 5 and 9 months, respectively, for the chimpanzee
No. 4 — Georgette and chimpanzee No. 1 — Daisy, while the third chimpanzee
No. 9 — Joanne died after eight months of illness. Most remarkable, however,
is the close similarity in the clinical appearance of the syndrome in the chimpan-
zees to Kuru in human patients. To document and preserve this clinical record,
“research cinema” film techniques were used extensively, and several research films
are in preparation illustrating the progress of the disease in chimpanzees.

For the purpose of this presentation, we will give a brief description of the dis-
ease of chimpanzee No. 4, Georgette, to illustrate the typical syndrome observed
in these animals. Chimpanzee No. 4, a female of about 2 years of age, was inocu-
lated intracerebrally in September, 1963 with 0.2 ml of a 10% brain suspension
obtained from Eiro (Eiru) a boy of Fore of age 13, had died in September,
1962 (Tables 8 and 9). Brain material of this patient, frozen within 4.5 hours of
death, was kept in a refrigerator (~10° C) or in dry ice until placed in storage at
~70°C 60 hours after death. In May, 1965, chimpanzee No. 4 first showed signs of
apathy and lassitude, which progressed and within 2 month were accompanied by
a pendulous lower lip, increased sensitivity to cold, and piloerection. Within two
months she demonstrated titubation and trunkal unsteadiness, a wide-based, lurching
gait, and later, marked dipmetria of hand movements. Her ataxia became more
severe and she suffered many stumbles and falls. Eventually she was unable to sit
up without external support and spent her time huddled at the bottom of her cage.
She required encouragement to eat and drink, but only terminally was there any
difficulty with swallowing. Visual fixation became impaired terminally. Hearing ap-
peared normal. There was no spontaneous nystagmus, but it could be elicited by
vestibular stimulation. At no time was there any motor paresis, though power was
poorly sustained; passive limb tone was normal or decreased. There was no loss
of pain sensation; hyperaesthesia to touch occurred over the last 6 weeks of her
illness. Detectable reflex changes, changes in the fundi, convulsion, impairment
of consciousness or obvious disorientation did not occur. Hematological, biochemi-
cal, and trace metal determinations on the blood were considered normal. Cerebro-
spinal fluid collected just before death was clear with a protein level of
237 mg/100 ml. Progressive ataxia involving the trunk and all limbs and leading
to increased disability remained the chief feature of the syndrome. This animal as
well as the second animal was killed when her terminal debility, dysphagia and
respiratory distress caused our concern lest sudden death from secondary infection
should intervene.
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There were no gross neuropathological lesions other than a fine needle scar at
the site of the inoculation in the frontal lobe. Preliminary histological study, by
Mrs. E. Beck and Professor P. M. DanieLs, of the Maudsley Institute in London,
England, revealed the diffuse non-specific changes seen in the brains of Kuru victims
such as generalized astrocytic hypertrophy and widespread status spongiosus to-
gether with the more selective degenerations seen in the cerebellum.

Table 9. Kuru in chimpanzees

Patient Primary Incubation Duration Second Inoculum
inoculation  period (months) passage
(months)
I Sept. 63 20 5 Oct. 65 10—t
Oct. 65 101
Oct. 65 10!
Mar. 66 10-3
Mar. 66 10-5
Mar. 66 101 220 my. filtrate
Mar. 66 101 100 my. filtrate
Mar. 66 10-tip+sc
Oct. 65
Oct. 65
Oct. 65
I Aug. 63 21 9
111 Feb. 64 18 8
v Nov. 63 25 6
Nov. 63 29 3
v Aug. 63 30 4
VI Sept. 63 29 4
VII Feb. 64
VIII Apr. 66
Apr. 66

When this first affected chimpanzee was killed on the 163rd day of illness, gen-
erous portions of blood, brain and visceral tissue were taken and stored in liquid
nitrogen, using separate sterile instruments for each tissue. In addition, a freshly
prepared 10%o suspension of unfrozen brain material, pooled from three brain
areas, was inoculated intracerebrally into three young chimpanzees and a
number of individual monkeys of several species. As noted in Table 9, we have
inoculated chimpanzees and several species of monkeys intracerebrally with 103
and 107° dilutions of the chimpanzee brain suspension, other chimpanzees and mon-
keys with 220 mu filtrates and 100 my filtrates; and a single chimpanzee was in-
oculated peripherally only. Three young chimpanzees were also inoculated intra-
cerebrally with the original 10% Eiro brain suspension. Additional chimpanzees
were injected intracerebrally and peripherally with visceral tissue suspensions pre-
pared from human Kuru victims, from chimpanzees that have died with Kuru-
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like syndrome, with undiluted serum from humans whose CNS tissues in suspen-
sion have induced the disease in chimpanzees, and sera from other human Kuru
victims. Further, just recently brain tissue specimens in suspension from the two
human Kuru patients (Eiro and Kigea), brain tissue suspensions from chim-
panzee No. 4 and chimpanzee No. 1, brain tissue from a human with amyotrophic
lateral sclerosis, and brain tissue from a child with subacute inclusion body encepha-
litis were individually inoculated into various species of animals listed in Table 10.

Attempts are made to isolate an agent from these tissues in a variety of tissue
culture systems, in chick embryos and in 17 genetically defined strains of mice
(Table 10) as well as in other small laboratory animals. Explants of the central
nervous system tissue and visceral organs of the chimpanzees are being closely
studied for unusual morphological lesions compared to normal tissue explants, and
for resistance to superinfection with other viruses such as the adenoviruses and
for isolation studies by inoculation of fluids from these explants into established
cell lines. Finally, animals that have not developed clinical disease during the many
months of observation following inoculation are treated with immuno-suppressant
drugs and subjected to other forms of treatment which may activate latent agents.
It is strongly suspected, however, that presence of homologous antibodies iz vivo
does not play a significant role in determining the incubation period nor the course
of the disease.

Table 10. Summary of experimental hosts used in inoculation program

Primates Other mammals Avian
Chimpanzees Sheep Turkeys
Cheviot Noryork
Suffolk
Rhesus Pigs Ducks
Newborn Chester whites Long Island
Immatures ‘ Dorchester
Cynomolgus Goats Geese
Newborn Mixed breeds Domestic
Immatures
African green (aethiops) Hamsters Chickens
Immatures Golden Syrian White leghorns
Slow lotis Embryonated eggs
Day old chicks
Barbary apes (S- sylvania) Guinea pigs
Immatures Hartley strain
Spider Mice
17 genetically defined
Squirrel lines

In view of the close similarity in the clinical picture and the wide neuropatho-
logical findings of Kuru in man with those of scrapie in sheep and mice, the re-
mote possibility of scrapie infection in the affected chimpanzees must be considered.
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Thus far there is no evidence of the scrapie virus producing disease in primates.
All primates inoculated with human material are housed in a remote building sep-
arate from that in which scrapie investigations are being carried out. Of 57 chim-
panzees and more than 300 smaller monkeys in these transmission experiments
from human tissue, no animals have developed a chronic progressive neurological
disorder, other than the seven Kuru-inoculated chimpanzees described herein.
Rhesus monkeys inoculated 23 months ago with scrapie mouse brain suspension
have not yet shown disease. Two chimpanzees have been inoculated intracerebrally
and intraperitoneally, respectively, with scrapie material as have additional species
of monkeys; however, because of the difficulty in obtaining chimpanzees, these ex-
periments were initiated only four months ago.

There is a remarkable similarity between the course and clinical syndrome of
Kuru in man and the clinical syndrome induced experimentally in the chimpanzee.
The fact that the experimental disease was observed in seven of eight chimpanzees
inoculated, in all but one instance with brain material from a different Kuru
patient, that the onset occurred after a similar long incubation period in each chim-
panzee, that the neuropathological findings in the experimental disease in the
cases thus far examined resemble those observed in Kuru victims, and that there is
no recorded case of such disease in non-inoculated chimpanzees lead us to con-
clude that Kuru has been transmitted experimentally to these chimpanzees.
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Discussion on Kuru, Scrapie and the Experimental
Kuru-Like Syndrome in Chimpanzees
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It is strangely interesting that scrapie, a degenerative disease of the central
nervous system of sheep, and kuru, a rare degenerative disease of the central ner-
vous system of man in the Eastern Highlands of New Guinea and restricted to the
Fore peoples and their immediate neighbors, have given rise to a large portion of
world research activity in the field of slow virus infections. Dr. GiBss has reviewed
the quest for infectious agents in chronic and subacute degenerative diseases of
the central nervous system which has been in progress in our laboratories for the
past several years, with particular attention to scrapie, the infection on which
Dr. Morrss, Dr. GiBss, and I began to work after HapLow had brought to my
attention the remarkable similarities in the neuropathology and course between
kuru in man and scrapie in sheep (Haprow, 1959). Dr. Gisss has also brought our
previous report of transmission of a kuru-like disease to chimpanzees (GAJDUSEK et
al., 1966) up to date with the final score of seven cases of kuru-like syndrome in eight
chimpanzees inoculated with human kuru brain material. It is this first successful
transmission of a subacute or chronic central nervous system degeneration of man
to primate that has excited our imagination and raised our hopes that other sub-
acute and chronic degenerative nervous system disorders may also be transmissible.

However, it remains to be emphasized that although we believe we have trans-
mitted kuru to chimpanzees, we have not yet proved that it is serially transmissible,
that the agent is filterable and, thus, possibly a virus, nor have we by any means
fulfilled all of Kocw’s postulates. Thus, the crude 10% human brain suspension
with which we started has not been filtered, and could contain bacteria, fungi or
protozoa, mycoplasmas, rickettsias, spirochetes, leptospiras or other micro-
organisms larger than viruses. The failure to detect any of these by in vitro culture,
by injection of chick embryos and other animals, including other primates, and
the failure to demonstrate either such microorganisms in histopathology, or even
an inflammatory reaction in the brain with perivascular cuffing, has prompted us
to suspect that the agent is filterable. The experiments to establish that it is seri-
ally transmissible, filterable, and finally, to determine its size by filtration —
assuming that it is serially transmissible — we have only recently initiated. Fur-
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thermore, the same six inocula which caused the kuru-like syndrome in our seven
chimpanzees after a delay of 18 to 30 months has failed to cause any illness in
smaller laboratory animals, including many other species of monkeys held under
observation for an even longer period of time. Thus, we already have clear-cut
evidence for marked genetic or species specificity of susceptibility to the disease.

Whether we have here the first slow virus infection of man transmitted to a
laboratory animal and a fine experimental model for natural kuru, or some pre-
viously unreported spontaneous disease of primates, a previously unknown type
of experimental allergic encephalomyelitis (only 0.2 ml of 10% brain suspension
has been inoculated intracerebrally, and control animals with non-kuru brain in-
ocula remain normal thus far), a most unlikely but frightening contamination of
our animals with scrapie virus which to date is not known to cause disease in pri-
mates, or some exotic viral-enzyme interaction, remains to be proved.

Pathologically, the brains of the kuru chimpanzees show most of the changes
associated with kuru in man (BEcK et al., 1966) but these are overridden by an
intensive status spongiosus (ALBRECHT, 1966; BEck, 1966; KLaTZ0, 1966). Status
spongiosus is found in the brains of human kuru patients, but it appears so severely
in the chimpanzee brains as to command attention and invite speculation on the
problem of its pathogenesis. The work of Bignami and Palladini (1966), brought to
my attention by Mrs. BEck, gives a metabolic model of enzyme inhibition-induced
pathology akin to the status spongiosus seen in human kuru, in experimentally
transmitted scrapie, in naturally occurring mink encephalopathy, and in our kuru-
like syndrome in chimpanzees. These investigators produced a devastating status
spongiosus in the brains of rats by application of ouabain, a specific inhibitor of the
membrane ATPase enzyme system controlling cell membrane permeability to
Na* and K* ions in brain cells. With this model in mind, one is temped to add to
the dozens of facile theoretical formulations about kuru and scrapie: Can a slow
virus agent progressively deplete the supply, or interfere with the action, of an
enzyme to produce, thereby, a reduction of membrane ATPase activity to a
critical level? This would be expressed, as in ouabain-induced enzyme block, by a
spongiform degeneration in the brain. Species and breeds or races, or even individ-
uals, with different levels of such an enzyme might, in such a case, be differently
vulnerable to the damaging effects of slow virus proliferation in their brain cells.
There are well understood mechanisms in molecular genetics to account for such
differences in enzyme activity by heterozygous-homozygous gene dosage effects, or
by pleomorphisms in the enzyme synthesis coding loci resulting in enzyme varieties
of differing activities. Unlike most of the other theories which have been cluttering
the literature with speculations on kuru and scrapie, this rather wild one, for which
I, as a gamesman, would hold little hope, at least suggests some specific experiments
and testing measurements that are not already underway before it is advanced, and
thus it has some small zustification for being stated. We shall be looking experimen-
tally at this rather far-fetched possibility.

The transmission of kuru experimentally leaves no suggestion that passage of the
scrapie virus or of some other contaminating agent or a spontaneous disease of
chimpanzees has occurred, because the many control chimpanzees in the laboratory
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remain well, and the seven brain inocula have been obtained at different times
from six different kuru patients. However, it must be noted that our laboratory
reporting this work is deeply involved in scrapie investigation. The recent report
of multiple sclerosis brain inducing scrapie in sheep in one laboratory (PALsson
et al., 1965), and not in another (Dick et al., 1965) point to the cause for concern.
On the other hand, the scrapie agent is not known to induce disease in primates.
High-titrating scrapie infected mouse brain suspensions have, after three years,
caused no disease in rhesus and cynomologus monkeys (HaprLow, 1966,and our own
data); but chimpanzees inoculated with scrapie have only been observed for five
months and not yet for periods comparable to the incubation periods in experimen-
tal kuru. No spontaneous disease of chimpanzees suggesting a kuru-like syndrome
has been reported.

Although scrapie is easily transmitted from infected sheep to other sheep, goats,
mice, rats and hamsters, nevertheless, even to direct intracerebral challenge, there
is a markedly different resistance to disease between different breeds of sheep and
between sheep and goats. Further, although contact and oral route infection with
the scrapie virus has been established in the laboratory, the irregular epidemiological
pattern seen in natural sheep scrapie remains without explanation. Further inves-
tigation is needed to determine whether genetic susceptibility to a very widespread
agent or some more subtle genetic mechanisms are involved in the epidemiology
of natural scrapie in sheep.

Similarly, the failure to observe a single instance of kuru through contact in
non-Fore-related persons, in spite of their long residence in the kuru region, and
the strange recent disappearance of cases among younger children (ALPERs and
GAJDUSEK, 1966) suggest as yet unsuspected peculiarities in the mechanisms of
transmission and pathogenesis in the natural disease. We have wondered whether
cannibalism with the consumption of their deceased relatives, which was until re-
cently prevalent among the Fore, served to introduce to the people and spread
through their population a slow virus to which they may be more genetically sus-
ceptible than are their neighbors, or served in some way to sensitize them to, or
activate, a rather ubiquitous latent viral agent. Earlier, we wondered whether
hypersensitivity to brain tissue might not have been established by the consumption
in early childhood of brain tissue from deceased relatives, even of those dying of
kuru. None of the hypotheses finds support from our field epidemiological work
or search in kuru tissues for evidence of autoimmune reaction.

The scrapie agent is for several reasons bizarre and disturbingly different among
viruses. It possesses unusual thermostability and resistance to formaldehyde, to
enzymes, and to other chemical agents, and to pH for a virus. Very small particle
size, as estimated by some of the conflicting data on filtration, and the difficulty
thus far in producing a detectable antibody to the scrapie agent, further add to
the confusion. Recent data by Arper, Haic and CLARKE (1966) on the exception-
ally small size of the agent as determined by calculation of target size from radia-
tion inactivation in a high energy electron beam, and their failure to inactivate the
agent by high energy dosage of ultraviolet radiation, add further chapters to the
scrapie fairy tale. If these remarkable observations can be substantiated, it will be
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difficult to maintain our current conviction that in scrapie we are dealing with a
conventional virus particle. More likely, it contains a rather small nucleic acid
moiety (6—7 mu), enclosed in rather stable protein capsid of small virus diameter
(15-20 mp diameter) and it may well belong to the group of defective viruses as
do the Rous sarcoma virus associated agents and adenovirus associated agents.
Failure thus far of all in vitro immunological systems to detect the agent may well
rest on the failure to obtain adequate virus titers in immunizing antigen prepara-
tions and similar failure with the reagent antigens used in the tests.

Finally, the most satisfactory interpretation of the kuru-like syndrome now
seen in seven chimpanzees each inoculated with one of six different kuru brain
suspensions is that kuru disease itself has been transmitted to the chimpanzees. The
remote possibility that scrapie has been inadvertently introduced in such a re-
markable pattern into the chimpanzee colony would lead to the perhaps more
disturbing possibility that the scrapie agent could produce the devastating de-
generation of kuru in the chimpanzee — presumably also in man. Furthermore,
although the major aim of our virus work is directed toward finding a rapidly
replicating system in cell cultures, such as we behold enviously in the hands of
TrorMAR and his colleagues with visna and maedi, it must be remembered that
the fascinating features of slow infections of the nervous system are their slowness,
their long incubation periods, their long persistent viremias (visna) or high titers
of virus in visceral tissues (scrapie), and the remarkable pathological features they
induce in the central nervous system (generalized gliosis, demyelination, amyloid
plaque formation, status spongiosus, etc.) and the apparently genetic patterns
of occurrence of the natural diseases (scrapie and kuru). The chimpanzee model for
kuru and the mouse model for scrapie will thus remain important, even when a
more readily available cell culture system for studying the agents becomes available.
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Addendum

Transmission of the kuru syndrome from chimpanzee to chimpanzee has now
been effected with a shortening of the incubation period to one year from the 18 to
30 months found on intracerebral passage of human brain tissue to chimpanzees.
This intracerebral passage from chimpanzee to chimpanzee hopefully anticipates
success in the chimpanzee experiments under way to determine the size and heat
stability of the agent, its presence outside of the nervous system, and its patho-
genicity by other routes of inoculation.
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The concept that viruses can cause chronic disease particularly of the nervous
system is not a new one (GAJDUSEK, 1965). Medical literature is rich with sug-
gestions that multiple sclerosis, neuromyelitis optica, and various forms of diffuse
cerebral sclerosis are viral diseases. Leukodystrophies and subacute encephalitides
are prime candidates for having viral etiologies, particularly when inclusion bodies
are prominent. Virus-like particles have been observed by electron microscopy in
several instances. There is speculation that diseases such as amyotrophic lateral
sclerosis, peroneal muscular atrophy, myasthenia gravis, the presenile dementias
of Alzheimer’s and Pick’s and other central nervous system degenerations may be
viral. The remarkable concentration on Guam of amyotrophic lateral sclerosis and
Parkinsonism-dementia also suggests viral etiologies (REED et al., 1966).

On at least four occasions in recent years, Soviet virologists have claimed virus
isolations from people with chronic neurologic diseases (BroDY et al., 1965).
SHUBLADZE reported isolations of a rabies-like virus from multiple sclerosis pa-
tients; ZILBER described the passage of an agent from amyotrophic lateral sclerosis
patients into Rhesus monkeys; CHuMAKOV reported a recovery of the virus of
tick-borne encephalitis from a patient with Kozhevnikov’s epilepsy (epilepsia
partialis continua); and a virus was supposedly isolated from patients with
Vilyuisk encephalomyelitis, a strange degenerative disease with progressive pan-
encephalitis which is apparently confined to the Yakut people in the area of
Vilyuisk in northeastern Siberia. Although none of these virus isolations have
been substantiated, they illustrate the approach on the part of Soviet scientists
to seek a viral etiology of chronic degenerative diseases of the central nervous
system.

The interest and excitement in slow viruses follows years of painstaking work
in Iceland with visna, maedi and rida (scrapie), and in England with scrapie
(GAJDUSEK, 1965). We have come now to an important landmark with the probable
passage of an infectious agent from humans with kuru into chimpanzees referred
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to by Dr. Giess. This appears to be the best documented association of a virus
with a chronic degenerative neurologic disease of humans.

Various types of chronic virus infections are known. There are the latent in-
fections in which the virus is not actively circulating in the host and cannot be
demonstrated in his tissues but is present in an altered form and under certain
situations becomes manifest. The classic example of this is herpes simplex virus.
There are viruses which infect and are present in the circulation or tissues for a
long period of time and do not produce detectable pathology, such as adenoviruses
in pharyngeal tissue, rat virus in adult rats, or the lactic dehydrogenase (LDH)
virus of mice. Some agents cause chronic infection because of unusual immu-
nological situations such as the primary immune tolerance to lymphocoriomenin-
gitis viruses in mice. Another group are agents which are present in the host for
long periods of time and eventually produce illness. In some instances disease
develops rapidly after a prolonged incubation period such as in rabies or serum
hepatitis. In other instances such as in scrapie, visna, and possibly kuru, the illness
evolves more slowly and better conforms with our concept of China viruses.

Dr. JoHnsoN in his presentation advanced a very challenging concept of the
pathogenesis of some of the slow viruses. The pathology in scrapie, mink encepha-
litis and kuru differs from that generally associated with virus encephalitis because
of the absence of an inflammatory response; nor does it resemble classic auto-
immune disease of the central nervous system because primary demyelinization
is an inconspicuous feature. What, then, is the virus doing in the nervous tissue
and how does it ultimately destroy the cell? Dr. JoHNsoN gave evidence that in
infections with rabies, rubella, and mumps the virus could be detected in the cells
by immunofluorescent microscopy but by routine pathological techniques the cells
were completely normal in appearance. When examined by the electron microscope
these cells were loaded with viral particles to such a degree that the organels within
the cell seemed to be distorted and pushed up against the cell wall. Dr. Jounson,
therefore, suggested that the pathogenesis in these situations is cell death by internal
crowding which alters cell metabolism, rather than by reactions usually associated
with virus infections or hyperimmunity.

Aleutian mink virus presents a formidable challenge to work with, and yet, as
Dr. KARsTAD stated, there are few viruses which are more tantalizing as models to
investigate various aspects of pathogenesis. Aleutian mink virus produces a disease
involving the reticuloendothelial system with the production of enormous quan-
tities of gamma globulin; it appears to be a collagen disease; and there is mounting
evidence that an important part of the pathogenesis is a hypersensitivity or an
autoimmune phenomenon; and the expression of the disease has a genetic com-
ponent.

Initially, the disease in mink was noted only in the double recessive Aleutian
mink. For this reason there may be some confusion as to the role of the double
recessive genetic trait and the role of the virus itself. Briefly, the genetic syndrome
unrélated to the virus resembles that found in other animals and in humans (the
Chidiak-Higashi syndrome) consisting of abnormal pigmentation, photophobia,
increased light reflex, a striking increase of normal granular material in leukocyrtes,

5a Current Topics, Vol. 40
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abnormal lipid metabolism and a general increased susceptibility to infections.
In Aleutian mink the abnormal pigmentation results in a beautiful bluish coat
which is valuable and highly sought after.

The Aleutian mink virus itself is capable of producing pathology in all types of
mink, either wild or bred in colonies. The virus, however, is far more pathogenic
for Aleutian mink with the double recessive gene.

Dr. Karstap presented new evidence supporting the role of hypersensitivity
in Aleutian mink disease. A single inoculation of endotoxin produced a Shwartz-
man-like phenomenon in infected mink, and erythrocytes of infected animals gave
positive Coombs tests. He believes that the most useful working hypothesis for
pathogenesis of Aleutian mink disease involves a primary immune tolerance
followed by waning of the tolerant state.

Because of the difficulties in working with Aleutian mink virus, progress has
been at the characteristic pace of slow viruses. The agent has not been adapted to
other hosts so that studies have to be conducted in mink, an expensive and
unpleasant animal to work with. No tissue culture system is known which supports
virus growth. Neither have conventional attempts to measure antibody been
successful, and to date no antibody of any sort has been demonstrated to the
Aleutian mink virus. Because of this and the fact that the organism is unusually
resistant to heat and the effect of both DNAse and RNAse and other proteolytic
enzymes, we might be well advised to refer to it as an agent rather than a virus,
until it can be better characterized.

The studies of visna virus in sheep choroid plexus tissue culture by Dr. THORMAR
are impressive and truly the envy of other workers in the slow virus field. Visna,
unlike other slow viruses, has been well defined. Animals suffering from the
disease produce neutralizing antibody and there is a tissue culture system in which
the virus can be propagated and causes cytopathic effects. In this sense visna is
the only proved virus in the group, and it would be, perhaps, more proper to
refer to the other infectious particles as “agents” as mentioned above with Aleutian
mink disease. Visna virus in sheep is perhaps the most suitable animal model for the
study of demyelinization although Waxsman and Apawms (1962) have commented
that the demyelinization in visna differs to some extent from that of multiple
sclerosis, allergic encephalitis and postinfectious encephalitis.

A most intriguing situation exists in the relationship between visna and maedi
viruses, both of which have been studied in Iceland. The virus of visna and maedi
are closely related serologically and in physical and cultural characteristics. The
visna virus, however, causes disease in the central nervous system involving
progressive demyelinization and death, while maedi virus causes pulmonary
adenomatosis with no central nervous system manifestations.

In both diseases the pathology progresses in the presence of high titers of
neutralizing antibody. Dr. THORMAR showed that visna penetrates the cell more
rapidly than it can be neutralized. He, therefore, suggested that visna virus could
be carried in a protected state by blood elements and released near cells which it
could infect before being neutralized. It, is also possible that either the virus is
never in contact with antibody and spreads directly from cell to cell in the CNS or
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that the antibody itself is not competent, or that the antibody-virus complex is,
itself, pathogenic.

Using his tissue culture technique Dr. THORMAR showed that virus replication
is dependent on a transient increase in cellular DNA from 2-8 hours after inocu-
lation although infectious virus does not appear for 15-20 hours.

Virus replication was completely suppressed by BUDR for up to 8 hours
following inoculation, but addition of this transport DNA antagonist had no effect
on virus multiplication if given after 8 hours. The suggestion is that an early alter-
ation in the host cell was necessary in order for the infectious particle to develop. It
is probable that a genetic-metabolic alteration occurred which apparently was
preventable but not reversible. The phenomenon of an early change in the cell’s
metabolism which subsequently permits development of virus and attendant cell
destruction is yet another fascinating possible mechanism of the pathogenesis for
slow viruses.

Dr. HoTcHIN’s provocative talk illustrated the problems of chronic infections
and provided an immunological approach to the understanding of chronic virus
diseases. Using the LCM virus, Dr. HoTcHIN has conducted a series of experiments
on primary immune tolerance in mice. Recently he observed a phenomenon in mice
with primary immune tolerance to LCM which he refers to as late disease, in
which the animals have no overt signs of infections but age and die several
months before uninfected mice. Development of late disease is dependent upon the
strain of mouse and the route of inoculation. It is not yet clear whether late disease
was caused by the LCM virus or by response to another factor, either infectious
or toxic, in these unusual mice. Dr. HoTcHIN postulated that the development of
late disease is related to the waning of tolerance or perhaps the actual development
of hyperimmunity and suggested a similar mechanism in the pathogenesis of slow
virus diseases. This would explain the long interval between infection and the
development of clinical illness.

It will be recalled that earlier in the day Dr. JounsoN pointed out another
mechanism by which virus could remain in the host for long periods in the absence
of symptoms. In JOHNSON’s system viruses such as rabies were able to accumulate
within cells while producing very little overt pathology. He postulated that after
a certain point the accumulation of virus within the cell is so great that it alters
cell metabolism and causes death. The accumulation is slow and the number of cells
which must be destroyed is enormous before the animal shows clinical evidence of
disease. His theory of the pathogenesis of slow viruses does not depend in any way
upon the immune response.

Dr. THORMAR’s theory of host cell-virus balance does not depend on the immune
response to explain the pathogenesis in the systems which he studies. Using tissue
culture models he postulated that the viruses of maedi and visna infected the
mesenchymal tissue of the lung or CNS respectively. In explants he showed that
the relationship between the cells and the virus stabilized and the culture was not
completely destroyed. He was able to manipulate the degree of destruction of
cells by changing the serum concentration of his media. This, he suggested, could
be analogous to the situation in vivo and would explain how the virus could be
5b Current Topics, Vol. 40
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present but in homeostasis for long periods of time and only become manifest when
adverse environmental conditions developed.

It is probable that, as we learn more about viruses which cause chronic disease,
we will find that the immunologic component in pathogenesis differs from disease
to disease. Theoretically, three situations are possible. First, pathology can be the
result of hypoactivity of the immune mechanism. Multifocal leukoencephalopathy,
a progressive fatal disease of the central nervous system, occurs only in individuals
with leukemia or other diseases of the reticuloendothelial system and possibly
represents the action of a virus which the host can no longer maintain in check.
Virus-like particles have been observed in the brains of people who died of multi-
focal leukoencephalopathy by electron microscopy (zu RuEIN and CHou, 1965).
Another interesting example of the effect of a virus in a hypoimmune host is
measles infection in children with leukemia where in many instances the rash does
not develop and instead there is a progressive giant cell pneumonia which is
usually fatal.

A second possibility in the pathogenesis of chronic infections is one which is not
dependent on the immune mechanism and can occur in the presence of a normal
immune response. An instance of this would be Dr. JoHNSON’s suggestion about
rabies. Also, it would be possible that virus not multiplying in central nervous
system tissue causes central nervous system degeneration by suppression or stimula-
tion of a particular metabolite or hormone or even the abnormal consumption of a
metabolite. Nerve cells are extremely vulnerable since they cannot replicate and
have no storage capacity, particularly for oxidative metabolism.

The third possibility is that of prolonged infection leading to a state of hyper-
sensitivity against the virus, as Dr. HoTcHIN suggested in late disease with LCM,
or against a nonspecific or shared antigen as has been suggested in multiple
sclerosis and rheumatoid arthritis. There are some interesting data (PATTISON,
1966) concerning scrapie which suggest a possible hyperimmune state. In goats if
normal brain material was inoculated intraperitoneally and subsequently scrapie
brain material was given, the incubation period was considerably reduced. Also,
when scrapie virus was inoculated subcutaneously, those animals which had a local
reaction at the site of injection developed symptoms several months sooner than
those animals in which a local reaction was not observed.

Dr. GiBBs presented recent findings which indicate that kuru, a chronic fatal
infection of man, is transmissible to chimpanzees. The data of course are pre-
liminary, but among 30 chimpanzees inoculated with human brain material from
patients whodied of various causes, only those chimpanzees which received material
from kuru patients have become ill. The symptoms resembled kuru and appeared
from 18 to 25 months after inoculation. Preliminary neuropathological exami-
nation revealed lesions similar to those observed in kuru. It is unlikely that the
reaction was an allergic encephalitis since the chimpanzees received only one dose
of inoculum and the symptoms did not appear for 18 months. Further, the
pathology did not resemble allergic encephalitis. A remote possibility is that the
inoculum was contaminated with scrapie virus. Pathologically the lesions in kuru
are virtually indistinguishable from those of scrapie. Since no antibody system
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has been developed for either kuru or scrapie, it may be some time before the
relationship between these diseases is worked out and conclusive proof obtained
that the lesions seen in chimpanzees were not caused by the scrapie virus as a
laboratory contaminant. Another remote possibility, in view of the fact that
filtered material has not yet produced symptoms, is that a parasitic or bacterial
agent endemic in New Guinea is responsible for these lesions in chimpanzees.

The work which Dr. GiBss presented concerning scrapie virus underscores the
exciting and yet frustrating and bewildering position in which we find ourselves
in the field of slow viruses. Initially, scrapie was thought to be a genetic disease.
With the accumulation of evidence, it is now difficult to deny that this disease is
caused by a transmissible agent, probably viral, with a strong genetic component.
The impression one gets from the literature and from discussions with other
workers is that the agent is pathogenic for many if not all species tested, although
some animals must be observed for a very long time before symptoms develop.

To date no system has been developed to detect antibody to the scrapie virus.
It may be that we are dealing with a naked RNA particle or other poorly antigenic
substance. We may also have a situation analogous to that with the LDH virus
of mice in which antibody cannot be detected by routine methods because it is
bound in an unusual way to the virus. Recent advances in cancer research open new
areas for speculation concerning the possibilities of helper viruses and subviral
particles.

The scrapie agent invades the reticuloendothelial system several weeks or months
before it appears in the central nervous system. The pathology observed, however,
is almost entirely confined to the central nervous system. The agent is difficult to
isolate from blood. By routine tests it has not been demonstrated to produce inter-
feron and has not been visualized by electron microscopy. The infectious particle
is incredibly resistant to inactivation by heat, UV light, and even formalin.
Attempts to document the size of the infectious particle have yielded conflicting
results. When studied by gradocol filtration the agent is in the range of 20 my, and
cesium-chloride density gradient centrifugation indicated that it is a nucleoprotein
free of lipids. There are, however, reports that the infectious particle is dialyzable.
Most recently ALPEr (1966) calculated the “target size” of scrapie from radiation
inactivation data and suggested that the infectious particle is about five mp in
diameter. This would mean that it is too small to contain nucleic acid.

Clearly a great deal of work remains to be done with this agent and the others
in the slow virus group. Progress will not be fast since each experiment takes
months or years, and with the exception of visna there are still no tissue culture
systems or antibody systems with which to study. Many of the experiments already
reported must be repeated since the findings of different groups are at variance
with each other and in several instances are totally unexplainable within our
present concept of infectious agents.

I would like to take the liberty to conclude by quoting a poem which I believe
expresses our present position. These are the last six lines of a sonnet by Keats
entitled “On First Looking into Chapman’s Homer”, in which the poet describes
the discovery of the Pacific and the emotion felt by the explorers.



70 J. A. BRopY: Symposium on CHINA Viruses

“...Then felt I like some watcher of the skies
When a new planet swims into his ken;
Or like stout Cortez when with eagle eyes
He stared at the Pacific — and all his men
Looked at each other with a wild surmise —
Silent, upon a peak in Darien.”

While this sonnet expresses the excitement we all feel at the possibility that we
are launching into a new area in the understanding of infectious disease, it is most
appropriate to point out that Mr. Keats had not succeeded in getting his facts
straight. After all, it was not Cortez but Balboa who discovered the Pacific.
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