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I. Introduction

Of the ever increasing number of viruses known to affect man and higher
animals, the virus of lymphocytic choriomeningitis (I.LCM) was one of the first to
be discovered. Indeed, this virus has been known and maintained in the laboratory
by passages in a relatively simple host, the mouse, for 35 years. Yet our knowl-
edge of its properties is still scanty when compared with the wealth of informa-
tion available for other viruses, some of which have come to our attention much
more recently. There are at least four reasons which may help to explain this
seeming paradox. (1) The early belief that the LCM virus was the frequent cause
of human diseases had soon to be abandoned; infections of man with this virus
are rare. (2) By way of contrast, laboratory infections are not uncommon and
they frequently run severe and even fatal courses. (3) Until recently, the only
means of titrating the virus was by mouse inoculation, a method in which accuracy
and economy are poorly correlated. (4) The virus is of unusual lability, being
quickly inactivated under conditions which leave other viruses intact. Thus, when
balancing medical and theoretical importance against personal hazard and tech-
nical difficulties, the result was quite unfavorable, and lack of interest was really
not surprising.

In the last few years, however, the situation has gradually changed and an
increasing number of workers have turned their attention to this virus. In the
book “The Production of Antibodies”, F. M. BURNET and F. FENNER (1949) drew
attention to the basic biological significance of the peculiar relationship between
the LCM virus and its natural host, the mouse. Together with Owen’s erythrocyte
chimerism in cattle twins (OWEN, 1945), the lifelong carrier state in mice, so
painstakingly investigated by E. Traub, formed the basis of what was to become
in the following years one of the central and most fruitful themes of immunologic
research; the concept of self-recognition and immunological tolerance. It was also
Burnet who pointed out that the continuous coexistence of virus and host could
only be perpetuated if the virus had “virtually no power to damage the embryonic
tissues in which it multiplies” (BURNET, 1955) which led J. HorcHIN (1958;
Horcuin and CiNits, 1958) to postulate that an immunologic conflict between
virus and host was the cause of disease and death of the adult mouse infected with
the LCM virus.

Thus, the relationship between LCM virus and the mouse has become a matter
of great interest in immunology, and work on this virus begins to function as a
link uniting virologists with immunologists in their search for answers to at least
some of the riddles of immunology which are still unsolved in spite of the efforts
of so many.

In this review, an account as complete as possible! is given of the present state
of knowledge of this virus. Emphasis is placed on host-virus interactions, but all
other aspects, be they virological or medical, are not neglected.

1) The survey of the literature on which this study is based was terminated on
December 31, 1969.

1%
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A. Definitions

In order to provide for unambiguous reading, definitions are given as follows.
Lymphocytic choriomeningitis refers to any illness caused by the LCM virus.
Closer characterization, especially in respect of human diseases, is done by referring
to syndromes, e.g. LCM meningitis, LCM encephalomyelitis. According to this
definition, lymphocytic choriomeningitis is not a clinical entity and will not be
used as such, not even in connection with the experimental illness in monkeys and
mice for which this name was originally coined.

A sharp distinetion is made between infection and disease, the former denoting
invasion of the macroorganism or the cell by the agent followed by its multiplica-
tion, and the latter referring to all pathological consequences thereof. Latent in-
fection is the persistent and nonpathogenic multiplication of the virus in contrast
to subclinical infection which runs a limited course like most infections but
remains clinically inapparent (ANDREWES, 1958). The obvious disadvantage of
this definition is the difficulty — if not impossibility — of proving in the individual
case the complete absence of pathological alterations. Thus, latency is always
relative in the sense that the sensitivity of our tools determines whether a chronic
infection may be classified as such (LEEMANN-GRUBE, 1967b).

A carrier state is the lifelong coexistence of the virus with the mouse, regardless
of whether signs develop or not. It is used synonymously with persistent infection.
“Vital” = “viral, immunologically tolerated, acquired latent infection” (HorcHIN
and Cintrs, 1958; HorcHin, 1958) or “persistent tolerated infection” (HoTcHIN
and WEIGAND, 1961a; HorcHIN, 1962a) are to be avoided because these terms
imply mechanisms which may or may not be applicable.

Pathogenicity is used descriptively as an absolute term referring to signs of
disease or death upon infection. In contrast, virulence is used in a relative sense,
meaning pathogenicity per number of infectious units inoculated. Both are func-
tions of the interaction between a particular host and a particular strain of virus
and will not be used to characterize the property of a virus strain per se.

The immunologic terms in this presentation are defined as follows (see
Fig. 1). Immunity is one state of an organism after its first interaction with an anti-
gen (immunogen). Upon new contact with the antigen, immune reactions occur
which may lead to immune phenomena, e.g. protection. Thus immunity, as used
here, denotes an antigen-specific alteration, and immunologically specific protec-
tion towards a pathogen is but one of the possible consequences. A special case of
immunity is allergy which is defined as the specific alteration of an organism after
interaction with an antigen (allergen) in the sense that a new contact with the aller-
gen leads to pathologic immune phenomena. It should be stressed that this defini-
tion of allergy — though conforming with today’s usage — is different from the
one given originally by voN PIRQUET (1906). The term allergic reaction is used
synonymously with immunologic conflict.

Another state of an organism is immunological tolerance (=immunological
paralysis) which is the specitic hypo- or nonresponsiveness induced by an antigen
(tolerogen). This phenomenon will be more fully defined in connection with the
LCM disease in adult mice.
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Antigen (First Contact)

Immunogen (Allergen) Tolerogen
| |
! |
Immunity (Allergy) Tmmunological Tolerance

(= Paralysis)

Antigen (Second Contact)
I

r o !
Immune Reactions No Immune Reactions
| |
! !
Immune (Allergic) Phenomena No Immune Phenomena

Fig. 1. Immunological terms as used in this review

B. History

The LCM virus was discovered by ARMSTRONG and LiLLIE (1934) when they
passaged intracerebrally in monkeys material from patient “C. G.”” who had died
in 1933 in St. Louis, U.S.A., from what had appeared to be St. Louis encephalitis.
The disease in these animals resembled simian experimental St. Louis encephalitis
until the sixth transfer when a monkey was employed which had withstood in-
oculations with the St. Louis virus twice previously. Unexpectedly, this monkey
also fell ill with signs of a disease which differed from those observed in previous
passages. A virus was isolated which was not that of St. Louis encephalitis. From
the pathological picture it produced in the central nervous system of monkeys
and mice after intracerebral inoculation, it was designated as the “virus of experi-
mental lymphoceytic choriomeningitis”. Its true source was never established. It
might have come from the patient having been carried along with the St. Louis
agent which would mean that C. G. had been infected with two viruses concurrent-
ly. Alternatively, it might have originated in one of the monkeys despite the fact
that none of the other monkeys used at that time was found to have had the
infection.

Already in this first report Armstrong and Lillie noted the similarity be-
tween the experimental monkey disease and Wallgren’s acute aseptic meningitis
of man. The evidence for the suspected causal relationship was soon provided by
Rivers and Scott (1935; 1936b; Scort and Rivers, 1936) who isolated viruses
from five patients with acute abacterial meningitis followed by increase of neutral-
izing antibody in three, and by ArMSTRONG and DICkENS (1935) who detected
neutralizing antibody in four patients, four years, three-and-one-half years, one
year, and two months, respectively, after having experienced this syndrome, with
serological conversion from negative to positive in one of them. Armstrong and



6 F. Lehmann-Grube: Lymphocytic Choriomeningitis Virus

Dickens concluded that the etiologic agent responsible for Wallgren’s ‘“ménin-
gite aseptique aigué’ had been discovered and that a new disease entity which they
named ‘“‘benign lymphocytic choriomeningitis” had thus been established. It
cannot be denied that this generalized conclusion might have been justified at that
time. It has, nevertheless, caused a great deal of confusion in the medical literature
for many years which even today is not completely straightened out, as will be
discussed later.

In the same year, TRAUB (1935a;1935b) reported that a colony of albino mice
at Princeton in the state of New Jersey, U.S.A., was infected with a virus. The
identity of the viruses of Armstrong and Lillie, Rivers and Scott, and Traub,
respectively, suspected on the basis of their biologic properties, was soon
established serologically (ArRMsTrRONG and DIckENS, 1935; Rivers and Scorr,
1936a; TraUsB, 1935b). The name, virus of lymphocytic choriomeningitis, was
accepted by those directly concerned and has remained since the designation for
this group of viruses.

C. Classification

Until recently, no serious efforts were made towards the classification of the
LCM virus, and the occasional attempt to give it a home with one of the already
existing major groups, e.g. myxo- or arboviruses, did not find the approval of
other investigators.

A few years ago, WEBB (1965) noted that there were biological similarities
between Machupo, a member of the Tacaribe group of viruses (PINHEIRO
et al., 1966), and LCM virus, but she failed to detect a serologic relationship
by cross complement fixation tests. More recently, MURPHY ef al. (1969) made
a detailed comparison by thin section electron microscopy and found both viruses
to be strikingly similar morphologically. Identical structures were seen in culture
cells infected with the Tacaribe virus. Murphy and his colleagues proposed that
LCM, Machupo, Tacaribe, and related viruses be placed in a new taxonomic
group but that the details of this classification should not be worked out before
more had become known in particular of the immunologic relationships between
these viruses.

This knowledge was procured by W. P. Rowg, W. E. PucH, P. A. WEBB, and
C.J. PETERS (personal communication). They found that antisera against a
variety of Tacaribe group viruses stained LCM virus-infected Vero cells by
indirect immunofluorescence. The reciprocal relationship was not as clear-cut.
LCM-specific antibody could be shown by the same method to be bound to
Amapari virus-infected cells, but in an irregular fashion or not at all to cells
infected with other members of the Tacaribe group. None of the Tacaribe group
antisera fixed complement in the presence of four to eight units of LCM virus
antigen. However, with 32 to 64 units of antigen low titers of complement-fixing
activities were detected in Machupo and Pichinde virus antisera. LCM virus
antisera were negative in complement fixation tests with Tacaribe and Amapari
virus antigens.

On the basis of these morphologic and serologic findings, it seemed justified to
collect LCM and the Tacaribe complex viruses in a new taxonomic group. Inter-
ested investigators from various countries (W.P. Rows, F. A. MurpHy, G. H.
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BEercoLD, J.Casars, J. Horcuin, K. M. Joanson, F. LEEMANN-GRUBE, C. A.
Mims, E. Traus, P. A. WEBB, J. Virol., in press) proposed the name arenoviruses
(from Arenosus L. sandy) which was chosen to reflect the characteristic fine gran-
ules in the virus particles as seen by electron microscopy.

Definition of the arenoviruses is as follows. They are lipid solvent sensitive,
contain RNA, and share a group-specific antigen which is demonstrable by
immunofluorescence and, in some cases, by complement fixation tests. Virus
particles are pleomorphic ranging in diameter from 50 to 300 nm, with a mean of
110 to 130 nm. They consist of a dense, well-defined unit-membrane envelope
with closely spaced projections and an unstructured interior containing a variable
number of electron-dense granules which have diameters of 20 to 30 nm. The
presence of these granules is the most characteristic feature of these viruses. Virus
particles are released from infected cells by budding. At the present time, recog-
nized members of the arenovirus group are LCM, Lassa and the Tacaribe viruses
with Tacaribe, Junin, Machupo, Amapari, Tamiami, Pichinde, Parana, and
Latino. The LLCM virus is considered the prototype of the group.

II. Properties of the Virus

By way of introduction it has to be stressed that we are not dealing with the
LCM virus but with numerous strains which, although reacting uniformly when
tested serologically, possess quite different properties. This fact will have even
more consequences when discussing the biological phenomena. Here as well as
there we have to be content giving, so to speak, average information, pointing
out differences where they are of importance.

A. Effeets of Physical and Chemical Treatments

The great lability of the LCM virus was noted in the first reports (LEPINE et al.,
1937 ¢). Some stabilization was achieved by use of buffered glycerin (LEPINE et al.,
1937¢c; Yamapa, 1940a; 1940b). It was also observed (SMADEL et al., 1939a;
1939b) and has repeatedly been confirmed since (LEAMANN-GRUBE, 1960; Prav
and CaMYRE, 1967) that the infectivity of the LCM virus is well protected by
even low concentrations of serum or purified proteins. The data of LACORTE et al.
(1968) show that a suspension of infected mouse brain had retained some of its
infectivity after storage at 4° C for as long as 120 days. Ackermann’s observation
that logio four infectious units were lost after 24 hours at 37° C in the presence
of ten per cent horse serum (ACKERMANN, 1961Db) is not in agreement with most
observations on this point.

In an essentially protein free medium the WE strain was rapidly inactivated
by traces of detergent, freezing and thawing, storage at —60° C, and ultrasonica-
tion. When suspended in phosphate-buffered saline, the half life at 37° C of this
strain was found to be as short as 16 to 20 minutes which contrasts markedly
with 28 hours for poliovirus type 1, determined under identical conditions
(LEHMANN-GRUBE, 1968). Whether other strains are significantly less prone to
inactivation would have to be determined. CamYRE and Prau (1968) observed
differences of stability at 4° C between the WCP, CA 1371, and Traub strains,
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As long as the assay of the virus has to be based upon infectivity, the preserva-
tion of this property is essential for its purification and characterization. The
incorporation into the buffer of Ficoll, Macrodex (Knoll AG, Germany; dextran
with an average molecular weight of 60,000), polyvinylpyrrolidone, starch,
sucrose, sorbitol, or dimethylsulfoxide had no significant effects on thermal stabil-
ity. The infectivity was well protected by calf serum, albumins (egg, bovine
serum), and Haemaccel (Behring-Werke, Germany). Of these, Haemaccel appear-
ed to be most useful; nonantigenic and of relatively small molecular weight
(35,000), this substance may be expected to interfere least with experimental manip-
ulations. Surprisingly, Eagle’s amino acids increased heat stability. A diluent
consisting of 0.1 per cent Haemaccel and amino acids in phosphate-buffered saline
was more extensively tested and was found to protect the virus against thermal as
well as mechanical (repeated freezing and thawing, ultrasonication) inactivation.
However, as may be seen in Table 1, even under these conditions maintenance of

Table 1. Rate of Inactivation of LOCM Virus, Strain WE, in Phosphate- Buffered Saline
Plus 0.1 per cent Haemaccel and Eagle’s Amino Acids; Influence of pH
[From F. LEEMANN-GRUBE: Arch. ges. Virusforsch. 23, 202 (1968)]

Time of (‘3101111111’1%215" at 37° PH 6.0 pH 7.0 pH 8.0
0 6.751 6.50 6.63

15 n.t.2 6.36 n.t.

30 6.67 6.17 6.36

60 6.31 6.13 6.14

90 6.17 6.36 6.42

120 6.13 n.t. 5.94

180 5.94 6.28 5.83

Regression coefficient3 —0.004,705 —0.000,523 —0.004,114

Half life (minutes) 64 574 73

1 Logm ID5o/ml.
2 Not tested.
3 Titer upon time.

a neutral pH was found to be essential (LEEMANN-GRUBE, 1968). It is my experi-
ence that maintenance of a neutral pH is not that critical if the virus is suspended
in a diluent containing serum.

Prav and CamyRE (1967) reported increased stability of the virus if tris-
(hydroxylmethyl)amino methane was incorporated into the menstruum. However,
the stabilizing property of this substance manifested itself only in the presence of
protein. In screening experiments no protection was obtained with sodium gluta-
mate, dimethylsulfoxide, and the sulfates of sodium, magnesium, potassium, and
calcium. Thermal inactivation of LCM virus was increased by the incorporation
of MgClz or CaCls at one M concentrations into the suspending medium (Prav,
1965a). Thus, LCM virus belongs to the class of viruses which are more rapidly in-
activated in the presence of high concentrations of divalent cations (WaLLIs and
MEeLNICK, 1962).
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For those working with this virus it is important to know that its infectivity
may be lost at low temperatures even if the diluent contains protective substances
such as proteins (VOLKERT and HaNNOVER LARSEN, 1965¢). At —20° C the titer
of an infectious mouse brain suspension was found to drop 1000-fold within four
weeks (SKINNER and KN1GHT, 1969). LEEMANN-GRUBE (1968) observed that some
preparations gradually lost infectivity at —60° C while others — prepared under
apparently identical conditions — were perfectly stable. According to ACKER-
MANN (1961a), virus is best stored frozen at pH 7.5 to 8.0; at lower pH values it
quickly loses its infectivity.

It has already been pointed out that lability as used here only refers to
infectivity. Whether its loss is due to a breakdown of the particle or results from
minor alterations on the virus surface is not known. It has been proposed that
loss of infectivity is apparent rather than real and is a consequence of reversible
clumping of the virus (Prau, 1965b). While this hypothesis may have its merits,
the available evidence does not seem to be in support of it (LEEMANN-GRUBE,
1968).

In common with most other viruses, that of LCM is rapidly inactivated by
irradiation with ultraviolet light (HAVENS et al., 1943). MiLzER and LEVINSON
(1949) reported that a four per cent homogenate of guinea-pig brain, infected
with the highly virulent J. P. strain, was completely inactivated when exposed
to ultraviolet light at continuous flow for 0.3 sec. LACORTE et al. (1968) did not
observe inactivation of the virus by irradiation with radium. None of these reports
is suitable for quantitative evaluation.

RocERs (1951) demonstrated that LCM virus — together with Colorado tick fever
and encephalomyocarditis, but not eastern, western, St. Louis, and Japanese
encephalomyelitis viruses — was inactivated by merthiolate diluted 1:10,000 or
more, but HEYL et al. (1948) had not seen such an effect.

In spite of its great lability, LCM virus retains infectivity upon lyophilization.
This was first shown by Rivers and ScoTT (1936a) who freeze-dried an emulsion
of infected mouse brain and, later, by WooLEY (1939) who employed pieces of
infected tissue.

B. Attempts at Purifieation

From the foregoing it is not surprising that efforts to concentrate and purify
the virus have met with difficulties. Prav (1965a) had some success by differential
precipitation with protamine sulfate or methanol; ammonium sulfate was less
useful. Concentrating the virus by dialysis with the help of polyethylene glycol
(carbowax) resulted in poor recovery, although carbowax itself had no effect on
the virus. Almost 80 per cent of the infectivity was recovered at the interface
between infectious cell culture fluid and a rubidium chloride cushion after ultra-
centrifugation.

The usefulness of the methanol precipitation was confirmed and the method
standardized by PeprrseN (1966). He achieved a 50-fold reduction of volume
with an accompanying loss of infectivity of approximately 50 per cent. As based
on ODg7s measurements, the specific infectivity, defined as infectious units per
mass of protein, was estimated to haverisen about seven-fold. Essentially the same
results were obtained by SLENczrA and LEHMANN-GRUBE (unpublished) with
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methanol and also with acetone, the latter at a final concentration of 25 per cent.
Again, purification was accompanied by a loss of infectivity of up to 50 per cent,
which could not be avoided by varying the buffers used for resuspending the pre-
cipitates. Acetone at a final concentration of 50 per cent inactivated most of the
infectivity.

Prav (1965D) investigated the possibility of purifying the virus by fluorocarbon
treatment. Freon 113 (trichlorotrifluoroethane) was not quite satisfactory but
with Freon 114 (dichlorotetrafluoroethane) up to six extractions could be made
without a significant loss of infectivity. By combining differential centrifugation
and Freon 114 treatment, the specific infectivity had risen by a factor of 252. More
recently, Pravu (1969) reported to have purified the virus 3000-fold by combining
methanol precipitation with adsorption to and elution from calcium carbonate
followed by ultracentrifugation. Since his starting material was serum free fluid
from infected cell cultures, this degree of purification must be regarded as an im-
portant accomplishment.

The behavior of the virus in density gradients was studied by Prau (1965a).
Using the Traub strain, great losses were experienced with rubidium chloride,
cesium chloride, potassium tartrate, and sucrose although in each case it could be
shown that the compounds themselves in comparable concentrations either had
no effect on the infectivity or even stabilized it. In the case of cesium chloride,
results were not improved by adding 0.02 per cent albumin to the gradient or
varying its pH.

Later, CAMYRE and PravU (1968) observed significant differences between virus
strains. In a potassium tartrate gradient, the previously used Traub strain
rapidly lost its infectivity. In contrast, the WCP and CA 1371 strains were fully
recovered. The results were unsatisfactory with Ficoll or sucrose gradients.

C. Size and Morphology

From filtration experiments with graded collodion membranes, the diameter
of the infectious unit of the WE strain was estimated by R1vERs and ScoTT (1936a)
to be not greater than 100 to 150 nm but, as R1vErs (1939) pointed out, the data
would have permitted a considerably smaller estimate. This work was extended
by Scort and Errorp (1939) who arrived at a size of 40 to 60 nm by collodion
membrane filtration and of 37 to 55 nm by ultracentrifugation experiments.
CasALs-ARIET and WEBSTER (1940) determined by filtration the size of the infec-
tious unit of their strain “II. S.F.” and found it to be 33 to 50 nm in diameter.

These experiments were done and interpreted on the assumption that all in-
fectious units are of equal size. This may turn out to be wrong. Electron micro-
graphs have revealed great variation in particle size, with a range from 50 to
300 nm (Davrox et al., 1968). Of course we do not know yet whether these are all
infectious, and, hence, the question of the size of the infectious unit cannot be
considered as having been answered satisfactorily.

Pravu (1965b) determined the sedimentation rate of the virus. When infectious
cell culture fluid was employed, infectivity was pelleted with a rate of 178 S or
more. After purification of the virus by fluorocarbon treatment and centrifugation,
infectivity sedimented with particles corresponding to S rates of 76 or more. This
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difference was real and not dependent on viscosity of the suspending medium. An
explanation is lacking.

As just mentioned, DALTON ef al. (1968) were successful in visualizing the virus.
They have presented electron micrographs of sectioned primary African green
monkey kidney and established mouse cells infected with the Fo-2 and CA 1371
strains of LCM virus. These pictures indicate that the individual particles not
only vary considerably in size but, furthermore, exhibit great pleomorphism.
Some have spiked surfaces. They seem to be released from the cell surface by a
budding process. Cores in the usual sense cannot be made out but up to eight
dense granules with diameters of 20 to 30 nm are seen in the centers of the par-
ticles. They disappeared upon treatment with RNase but not with DNase or
pronase and were regarded as representing the — possibly multiple — genome(s)
of the virus.

Fig. 2. Electron micrographs of BHK-21 cells two days after infection with LCM virus, strain WE.
Groups of virus particles containing single or multiple “cores’ may be seen. At least six such structures are present
in the largest particle in the lower half of the figure (arrow). Projections on the outer surface of the virus are
particularly distinct on the particle indicated by an arrow in the upper half of the figure, Magnification ca 130,000 x .

(Kindly supplied by Dr. R. W. Compans.)
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The morphologic characteristics of the LCM virus have been confirmed by
R. W. CompAns (personal communication). He infected BHK-21 cells in suspen-
sion with the WE strain. Two days later the pelleted cells were fixed with glutar-
aldehyde and osmium tetroxide and then embedded in epoxy resin. Thin sections
were stained with lead citrate, followed by uranyl acetate. Representative micro-
graphs are presented in Figure 2. (I am grateful to Dr. Compans for his permission
to make use of these pictures prior to their publication.) Variation of size, pleo-
morphism, spiked surfaces, and multiple “cores’ are clearly recognizable. The viral
identity of the structures seen with the electron microscope in LCM virus-infected
cells was confirmed by ABELSON ef al. (1969) with the aid of labeled LCM-specific
antibody (see Section ITI. B. 3).

Recently, Prau (1969) reported to have succeeded in visualizing the virus by
means of the negative staining technique. He concentrated the infectivity released
into the medium of infected L cell cultures and saw viral structures with icosa-
hedral symmetry, 36 to 40 nm in diameter. It is hoped that photographs will soon
become available to aid in the further analysis of the structural details of the
virus.

D. Chemieal Composition and Buoyant Density

Although only circumstantial evidence is available, there can be little doubt
that the virus of LCM belongs to the RNA viruses. PravU et al. (1965) found no
significant inhibition of its multiplication in L cells in the presence of 5-
fluoro- and 5-bromo-2’-deoxyuridines at concentrations which affected vaccinia
but not vesicular stomatitis viruses. Barlow and his colleagues (BARLOW ef al.,
1965; Barrow and KELLER, 1965b; BArRLOW et al., 1966) obtained similar results
with 5-fluoro-, 5-iodo-, 5-bromo-2’-deoxyuridines; concentrations which reduced
herpesvirus multiplication in BHK-21 cells by a factor of log,, four or five had
insignificant effects on LCM virus. LCM-specific immunofluorescence, likewise,
was not inhibited by these compounds.

The consequence of the incorporation of actinomyecin D into the cell culture
medium is not as clear-cut. Prav et al. (1965) saw no effect at all, but SLENCzZKA
and LEEMANN-GRUBE (1967) obtained erratic results. While occasionally no in-
hibition became apparent, in most experiments the multiplication of LCM virus,
WE strain, in L cells was significantly reduced (Fig. 3). Similar equivocal effects
had been observed by Cooprr (1966) with poliovirus in human cell lines. He
traced the differences of response to properties of the calf sera in growth and main-
tenance media. Apparently lack of insulin made the virus multiplication more
susceptible to the drug. We therefore varied the conditions under which the cells
were maintained prior to infection with and without actinomyein; none were found
which consistently eliminated the variability of the results. However, even when
there was depression of LCM virus multiplication, it was always much less than
that of vaccinia virus under otherwise identical conditions. It may be added that
we observed some inhibition of Mengo virus — although to a lesser degree than
that of LCM virus — with similar variability from experiment to experiment
(SLENczEA and LEHMANN-GRUBE, unpublished). Thus, as other RNA viruses,
that of LCM is inhibited to some extent by actinomycin which may or may not
be due to blocking of DNA transcription. Recently, Buck and Prau (1969), using
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the Traub strain of virus, saw no inhibition of its multiplication in L cells up to a
concentration of actinomycin D) of 0.4 g per ml. At 0.5 and 0.8 pg per ml the virus
multiplication was 90 per cent inhibited which points to an unusual dose-response
relationship. Surprisingly, actinomyecin at a concentration as low as 0.1 pg per ml
markedly depressed the later part of the growth curve where virus multiplication
had practically come to a standstill, although the drug by itself could be shown
not to influence the infectivity. In other cells, LCM virus multiplication was
found to be reduced to ten per cent with concentrations of actinomycin D as low

as 0.1 pg per ml.
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Fig. 3. Influence of actinomycin D on replication of infectious LCM virus, strain WE, in L cells.
Virus was added to Petri cultures at a multiplicity of 10-2-® in 0.5 ml of maintenance medium. After adsorp-
tion at ca 22° C cultures were rinsed three times, and maintenance medium, prewarmed to 37° C and containing
the indicated concentrations of the drug, was added (time O). Cell-associated virus was released by ultrasonication,
and total infectivity (medium plus cells) was determined in L cell tube cultures. Results from two of several essen-
tially identical experiments are shown. [W. SLexczka and F. LEEMANN-GRUBE: Zbl, Bakt., I. Abt., Ref. 206,
526 (1967).]

Further evidence that the LCM virus contains RNA may be adduced from the
electron microscopy study already mentioned (DALTON et al., 1968), from the char-
acteristics of acridine orange staining of infected cells (BARLOW et al., 1965; 1966),
from the inhibition of virus multiplication in L cells by 6-azauridine (Buck and
Prav, 1969), and in KB cells by 1,3-bis(chloroethyl)-1-nitrosourea (SIDWELL et al.,
1966), and from the observation that antigen could be demonstrated by immuno-
fluorescence in infected cells treated with arabinosyl cytosine (CAMPBELL et al.,
1968).

If we know little of the nucleic acid core of the virus, we know even less of its
outer components. Infectivity is rapidly destroyed by ether treatment (Stocx
and Frawcis, 1943; ANDREWES and HORSTMANN, 1949; Pravu, 1965b; SLENCZEA

and LEHMANN-GRUBE, unpublished) indicating that the virion contains lipids. Tt
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ig furthermore susceptible to soaps, detergents, and — probably — bile salts. Very
early, ARMSTRONG ef al. (1936) had found that of all the tested body fluids from
experimentally infected monkeys, only the bile was free of infectivity. Later STock
and Francis (1943) tested a variety of fatty acids and detergents for their virus-
inactivating capacities and found chaulmoogric, linoleic, linolenic, myristic, oleic,
and ricinoleic acids as well as “Zephiran”, “Duponol LS”, and “Aerosol OT”’ to be
effective. No loss of infectivity was observed by VOLKERT ¢t al. (1964) and Prav
(1965a) by treatment of the virus with DNase, RNase, trypsin, and pronase.
Certainly, these data are not sufficient to permit speculation as to the structure
of the virus. The published electron micrographs are not detailed enough to be of
much help here.

Information concerning the density of the virus is conflicting. In a potassium
tartrate gradient, the remaining infectivity of the Traub strain was found in two
of three visible bands corresponding to densities of 1.24 and 1.15 (Prav,
1965a). When the WCP virus was centrifuged in a 60 to 2 per cent potassium
tartrate gradient, three bands corresponding to densities of 1.24, 1.20, 1.17 with
most of the infectivity at 1.24 were observed. In contrast, when using a 45 to 20
per cent gradient of the same compound, most of the infectivity was found at
density 1.17 which is a phenomenon difficult to interpret (CAMYRE and PFav,
1968).

E. Interaction with Erythroeytes

SHWARTZMAN (1943; 1944) infected guinea-pigs and mice with various strains
of LCM virus. At intervals he collected the blood, washed the erythrocytes repeat-
edly, and hemolyzed them with distilled water. The stromata were washed again
up to seven times, and serum, erythrocytes, stromata, and various washing fluids
were tested for virus by intracerebral mouse inoculations. In all test materials,
infectivity was frequently detected. In particular, supernates of hemolyzed and
centrifuged blood cells were found positive, even if previous washing fluids had been
negative. In some experiments a total of up to 13 washings before and after hemo-
lysis failed to remove completely the virus from the cells. These findings were
interpreted to indicate that “the virus is firmly associated with the stromatic
mafterial of erythrocytes”. From the results obtained with different strains, it was
further concluded that consistent infectivity of erythrocytes was produced by
strains with a high virulence for the species.

Both these conclusions are difficult to accept. Complete separation of virus
from any kind of cells is notoriously hard to achieve and since all the virus assays
were done qualitatively, with disregard of the initial virus concentrations, little
may be said of the significance of residual virus. What makes the interpretations
even less convincing is the fact that signs of the disease developed in mice three
to four days after inoculation of strains FA and T and three days after WWS
which had been passaged in mice. It may be accepted as a rule that the mani-
festation of an LCM virus infection in a mouse never becomes apparent before the
fifth day (see Section V.A. 1) and that a deviation from this rule raises suspicion
as to the true identity of the agent. In similar though less extensive experiments,
L#PINE ef al. (1937c) had infected monkeys and mice with the French strain
and had found whole blood and the plasma derived from it to be equally infectious;
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washed erythrocytes had been free from infectivity. Erratic results were obtained
by Traus (1938 b) who worked with viremic blood from carrier mice. The question
of adsorption to red cells should be taken up anew, but rather than to test for
infectivity associated with the cells, loss of virus from the supernatant fluid
after contact with the cells and centrifugation should be used as the criterion for
attachment.

HamacHER (1956) tested the ability of virus, strains WE and 0, to agglutinate
red blood cells from hen, newborn chick, mouse, rat, hamster, guinea-pig, rabbit,
sheep, horse, rhesus monkey, and man. Conditions were varied as to cell concen-
tration (0.25, 0.5, 1.0 per cent), buffer composition, and temperature (4°, 22°,
37° O). Neither allantoic fluid nor homogenized chorioallantoic membranes from
infected eggs nor homogenized lungs from infected guinea-pigs and homogenized
infected guinea-pig brain “extracted” with various solvents brought about visible
hemagglutination.

F. Soluble Antigen

It was demonstrated first by Howrrr (1936/37; 1937) and, independ-
ently, by LEPINE et al. (1938a; 1938b) that tissue homogenates from LCM virus-
infected mice and guinea-pigs fix complement in the presence of appropriate
immune sera. We now know that multiplication of LCM virus in vivo and in vitro
is always associated with the formation of complement-fixing antigen. In guinea-
pigs, its concentration was found by SMADEL ef al. (1939b; SMADEL and WarL,
1941) to be correlated with the virulence of the virus strain.

Smadel and his coworkers (SMADEL et al., 1939a; 1939b; SMADEL and RIVERS,
1939) proved this antigen to be soluble (s) in the sense that it did not sediment
with the virions during ultracentrifugation. The slight activity of the washed virus
itself was referred to the presence of adsorbed s-antigen. SMADEL et al. (1939a;
1940) characterized the s-antigen as follows. In solution the activity was not
affected by storage for months at 3° C, although initially spontaneous irre-
versible flocculation occurred, or by pH changes over the range 4.5 to 9.0.
The activity was slightly affected at 50° or 56° C and more so by temperatures
above 56° C and by a pH of 3.0. The antigen could be concentrated and partially
purified by freeze-drying or ethanol precipitation. Ammonium sulfate fully
precipitated the activity but recovery was incomplete, with albumin and globulins
having about equal shares of the specific activity. In the latter the antigen was
predominantly associated with the water soluble pseudoglobulin rather than with
the insoluble euglobulins. Purified and concentrated antigen was precipitated by
hyperimmune guinea-pig sera. Conversely, complement-fixing and precipitating
antibodies could be absorbed beyond detectability from such sera by s-antigen;
it is significant that the neutralizing titers were not affected. SMADEL and WaLL
(1940) inoculated non-infectious s-antigen repeatedly into guinea-pigs but could
not induce either complement-fixing or neutralizing activities or immunity. How-
ever, pre-existing complement-fixing antibody was boosted with s-antigen to high
titers (see Section I1. C. 2).

Further studies on the LCM virus antigen from infected mouse and guinea-pig
tissues were presented in a brief note by BArLow and MusTico (1965; 1966). They
found it to be unaffected by heating at 60° C for one hour or by changes of pH
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from three to nine. On an Ouchterlony plate three distinct bands, named Aj, Ag,
Ags, were seen. By differential centrifugation and gel filtration, the major antigen,
A4, could be separated. Resolution of As and Az was not accomplished. Treat-
ment of the antigens with trypsin and pepsin destroyed most of their comple-
ment-fixing activities and also abolished their precipitability. Absorption of an
antiserum with A; resulted in 80 per cent loss of complement-fixing activity;
it also decreased the neutralizing titer, which did not occur after absorption with
A —As.

A comparison of the studies by Smadel and his associates and Barlow and
Mustico shows up significant differences of both physical properties and specifi-
cities. In particular, while Smadel’s data did not suggest sharing of components
by virions and s-antigen, Barlow’s findings indicate that the A; antigen consists
of fragments of the virus particles. No doubt, further work has to be done before
final conclusions may be drawn.

HaNNOVER LARSEN (personal communication) prepared complement-fixing
antigen from infected mouse organs by means of the acetone extraction method
of GrESfcovA and Casars (1963). When inoculated repeatedly together with
Freund’s adjuvant, mature mice responded with low levels of complement-fixing
antibody for a short period. When inoculated repeatedly into newborn mice, no
tolerance or later protection to challenge was induced.

III. Interaction of Virus with Cells in Culture

The number of different cells in culture which may be infected by the LCM virus
is practically unlimited;indeed, no mammalian cell culture system seems to be
known which does not support multiplication of one or the other virus strain. In
spite of high virus yields which are often obtained, cytopathic alterations are
usually absent.

A. Range of Host Cells

As far back as 1940 the virus of LCM was reported to multiply in cells main-
tained in witro. MacCaLLUM and FINDLAY (1940) passaged the original English
strain of FINDLAY et al. (1936) 270 times in Maitland type cultures of minced chick
embryos at intervals of three to four days. Around the 66th passage the disease in
mice inoculated with the culture fluid changed markedly, a phenomenon which
will be dealt with further below (see Section 1X). Two other virus strains were
sub-cultivated in the same fashion 35 and 38 times, respectively, without apparent
changes.

Propagation of the WE strain in monolayer cultures of chick embryo fibro-
blasts was noted by BExsoN and HorcHiN (1960). ACKERMANN (1961a), working
with the WE strain, found that it multiplied in primary cell cultures from different
sources, including monkey, mouse, pig, and embryonic bovine kidney and mouse
embryo, as well as in established H.Ep. 2, KB, and Detroit 98 cell lines. Highest
titers were reached in cultures of FL, permanent human amnion, cells. BENDA and
CINATL (1962) reported on the propagation of LCM virus strains in a great variety of
primary cells and established cell lines. The WE strain multiplied in all of them,
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reaching highest titers in primary monkey kidney and human embryo and in
established cynomolgus monkey heart, L, and H.Ep. 2 cells. In this laboratory, chick
embryo fibroblasts and primary kidney cultures from monkey, rabbit, guinea-pig,
calf as well as established KB, BHK-21, L, and Vero cells are routinely employed
for the propagation of the WE strain.

REHACEK (1965) investigated the ability of cell cultures prepared from Hyalom-
ma dromedarii ticks to propagate 22 different viruses. All members of the arbovirus
group readily multiplied in the cells. Of the other tested viruses, which included
LCM, encephalomyocarditis, Newcastle disease, polio 1, vaccinia, vesicular stoma-
titis, and pseudorabies viruses, only LCM virus multiplied in the tick cell cultures
to a comparable extent.

B. Characteristies of Virus Multiplication
1. Adsorption

In a preliminary fashion, BeExpa and CiNATL (1962) reported on the
adsorption of WE and K strains of LCM virus to primary monkey kidney cells in
tube cultures at 36° C. Half the infectious virus had disappeared after 30 to 45
minutes from two ml of culture fluid. This, however, held only with small virus
doses. The kinetics of adsorption of Traub virus to L cells in suspension was
studied by PEDERSEN and VorLkErT (1966). Using as an index the proportion
of cells with immunofluorescence after 20 hours of incubation following the ad-
sorption period, they found a maximum of 85 per cent of the cells showing immuno-
fluorescence after 80 minutes. The significance of this figure is difficult to assess.
In the same paper an experiment is deseribed which clearly shows that spread of
virus still oceurred after adsorption had been terminated by washing of the cells.
In experiments performed by ACKERMANN (1961a) adsorption was not separated
from multiplication, thus making an analysis impossible.

In concluding this section, it has to be stated that little is known of the adsorp-
tion kinetics of LCM virus to cells in vitro.

2. Propagation of Infectious Virus

The kinetics of multiplication of the WE strain in tertiary mouse embryo cells
was determined in some detail by AcKErRMANN (1961a). After infection with low
multiplicities, maximal titers of 108 mouse LDsp per ml were reached between
24 and 36 hours. With a multiplicity of 832 mouse LDsg per cell, the highest con-
centration of infectivity was reached 12 hours earlier. Ackermann found more
infectious virus to be cell-associated than free in the medium. According to
OLDSTONE et al. (1969), embryo cells in culture from SWR/J mice produce
more infectious LCM virus than cells from C3H embryos. DEIBEL et al. (1965)
followed the multiplication in chick embryo cells of an adapted WE strain. After
infection with a low multiplicity, new infectious virus appeared cell-associated at
16hours and wasreleased into the medium between 4 and 12hourslater. A maximum
of virus yield was attained after approximately 72 hours. It was calculated that
each cell had produced at least 16 infectious units, of which most remained cell-
associated. BArLow and KELLER (1966) investigated the multiplication of the
UBC (= WE) strain in BHK-21 cells. New virus appeared between 6 and 12 hours
after infection and peak titers were reached on the second day. Browx and Kirx

Virol. Monogr. 10 2
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(1969) infected BHK-21 clone S13 cells with the same strain of virus at a multiplicity
of 0.1 LD, (mouse) and followed the development of infectivity in medium and cells
(disrupted by freezing and thawing). Maxima of 1089 and 108-3 LDsy per ml,
respectively, were attained on the third day. Multiplication of the CA 1371 strain
in primary monkey kidney cells was followed by OLDSTONE and Drxon (1968c)
after infection with high and low multiplicities.

A detailed study of the behavior of the Traub strain of LCM virus in L cell
suspension cultures after infection with two different multiplicities was reported
by PEDERSEN and VOLKERT (1966). With a multiplicity of three LDso (mouse)
per cell the latent period was said to be less than three hours. It was followed by a
steep increase of the infectious virus in the medium reaching a maximum of more
than 108 LDs5g per ml at 26 hours. When the multiplicity was lowered to 0.03 LDsq
per cell, the latent period was lengthened to seven hours and the maximum titer in
the medium (107-5 LDsg per ml) wasreached after 47 hours. There was always signifi-
cantly less virus associated with the cells broken up by freezing and thawing than
in the medium. It should be mentioned that these multiplicities may only be used
in a relative sense. Infectious titers of the Traub virus are three times lower when
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Fig. 4. Multiplication of WE strain LCM virus in L cells as determined by infectivity assay in L tube cultures and
complement fixation test.
Closed and open symbols denote virus associated with cells and virus released into the medium, respectively.
Differently shaped symbols represent different experiments. [F. LeamanN-GRUBE and W. SLenczka: Zbl. Bakt.,
I. Abt., Ref. 206, 525 (1967).]
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titrated in L cells (IDsp) as compared with the mouse (LDj5g) (LEEMANN-GRUBE,
unpublished). Hence, the actual multiplicities were one and 0.01, respectively.

The eclipse with a more than 1000-fold drop of infectivity after infection with
the low but not with the high multiplicity of infection is surprising. Its significance
becomes doubtful when it is recognized from the graphs that the initial titer after
the infection with a multiplicity of 0.03 was approximately 103 times higher than
the initial titer after infection with 100 times more virus.

Results which were different in several respects from the above have been
obtained by LEEMANN-GRUBE and SLENczKA (1967), who followed the multiplica-
tion of the WE strain in L cell monolayer cultures. After the infection with a multi-
plicity of 10-3 L cell IDgg per cell, the first cell-associated virus appeared after
approximately eight hours. Infectivity then increased at a fast rate, reached a
plateau around the 16th hour, and rose again less steeply six hours later to a peak
at around the 48th hour. Throughout, there was more virus associated with the
cells broken up by ultrasonication than there was in the medium (Fig. 4).

Table 2. Kinetics of Production of Virus and s-Antigen (Cell-Associated) in L Cells
Infected with LCM Virus, Strain WE, at a Multiplicity of One L Cell IDso per Cell

Yield per five cultures (ca 2 x 107 cells)
Time of incubation
at 37°C (hours) Virus (logio IDso) s-Antigen (logio units)
Exp. 1 Exp. 2 Exp. 1 Exp. 2 Exp. 3
0 —1 — — — <1.0
0.08 (5 min) — 5.95 — <1.0 —
0.5 — 6.13 — <1.0 <1.0
1.0 5.70 — <1.0 — —
1.5 — 4.89 — <1.0 <1.0
2.0 5.41 — <1.0 — —
2.5 — 5.06 — <1.0 <1.0
3.0 5.50 — <1.0 — —
3.5 — 5.31 — <1.0 <1.0
4.0 5.58 — <1.0 — —
4.5 — 5.13 — <1.0 <1.0
5.0 5.20 — <1.0 — —
5.5 — 4.91 — <1.0 <1.0
6.0 5.20 — <1.0 — —
6.5 — 5.01 — <1.0 <1.0
7.0 5.34 — <1.0 — —
7.5 — 5.06 — <1.0 1.45
8.0 5.70 — 1.12 — —
8.5 — 6.33 — ~1.0 1.69
9.0 7.09 — 1.69 — —
9.5 — 7.56 — 1.18 1.99
10.0 7.95 — 1.69 — —

1 Not tested.

The eclipse and latent period were studied in more detail (Table 2). After the
infection of the cells with a multiplicity of one L cell IDsp, a moderate drop occurred
in the first few hours, not exceeding one log1o. New production of infectious virus
became apparent eight hours after infection, which signified a latent period not dif-
ferent from the one following a 1000-fold lower infectious dose per cell (see Fig. 4).

2#
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Attempts were made by SLENCZKA and LEHMANN-GRUBE (unpublished) to find
explanations for some of the discrepancies obtained with suspension and mono-
layer cultures, respectively (see above). Strain WE virus was allowed to adsorb
at 22° C onto L cells in suspension at multiplicities of 0.3 L cell IDsq (corresponding
to approximately one mouse LDsp). At the end of two hours the cells were washed
twice and were then resuspended in Eagle’s minimal essential medium supplement-
ed with five per cent calf serum to be further incubated in suspension at 37° C.
Aliquots were taken at time intervals. The cells were separated from the medium,
washed once, and treated with an ultrasonic drill at 0° C for 45 seconds. Titrations
of released and cell-associated virus were performed in L cell tube cultures.

The principal results were as follows. With two different lines of L cells, new
infectious virus appeared after 6 to 9 and 9 to 12 hours, respectively, reaching
maxima between 24 and 30 hours. There was always significantly less virus in
the medium than cell-associated. This latter point was further investigated.
Infected cells were disrupted by either freezing and thawing or by ultrasonication
and the amounts of infectious virus released by either method were determined.
After one freeze-thaw cycle, most infectivity remained associated with the debris
but could be released by ultrasonication of the sediment obtained by centrifuga-
tion. After the cells had been frozen and thawed three times, again only five
per cent of the infectivity was found to have been released as compared with sonica-
tion. As before, ultrasonic treatment showed that the missing infectivity was with
the sedimented cellular debris, although this time not all of it could be recovered,
presumably due to some inactivation.

Further studies of the multiplication of LCM virus, strain WE, in L cell
monolayers have been conducted in collaboration with Heide MENZEL (unpub-
lished). In repeated experiments, multiplication of virus was followed after
infection with multiplicities of 1.0 or 0.001. With higher doses peak virus titers
were reached faster, but they were slightly lower than those obtained with the
more dilute inocula. A search for L cell clones which would produce larger amounts
of infectious virus has failed. Of 18 progeny populations from single cells, not one
synthesized more virus than the parent L cells; with most, significantly lower
yields were obtained.

In all these virus-host cell systems virus multiplication is self-limited in the
sense that once a maximum titer is reached no further increase is attained with
continued incubation even where cytopathology is absent. We meet here for the
first time a self-regulatory mechanism which is typical for LCM virus-infected
cells.

When compared with the WE strain, the Armstrong strain (E-350) multiplied
much slower in L cells and reached considerably lower peak titers (LEHMANN-
GRUBE, unpublished). BENDA and CINATL (1962) and CamMYRE and Prav (1968)
likewise observed differences in multiplication rates and maximum titers between
strains. In a few instances there was no multiplication at all. REMEzZOV and
TorLENINOVA (1961) found no evidence of virus multiplication in embryonal
human fibroblasts, and Bexpa and CINATL (1962) reported that the K strain of
LCM virus failed to grow in cell lines of human origin. WiLsNack and Rowx (1964)
observed neither immunofluorescence nor release of infectious material in CA 1371-
inoculated primary hamster kidney cells. Such negative results were probably due
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to peculiarities of the virus strains. Occasionally, however, the host cells may be
the cause. For example, HeLia S3 cells failed to support the multiplication of the
WE virus (ACKERMANN, 1961a), which is known to reach high concentrations
in most cells cultivated ¢n vitro. In HeLa cells maintained in this laboratory the
same virus multiplied to low titers. Prau and CamyRE (1968) experienced multi-
plication in one line of HeLa cells but not in three others.

3. Propagation of Antigen(s) as Revealed by Immunofluorescence and
Complement Fixation Tests

RrmEzZOV and TorpLENINOVA (1961) were the first to report on the detection of
antigen in LCM virus-infected human lung cells by means of indirect immuno-
fluorescence. As the paper was not accompanied by photographs and the virus
strain was not specified, the results are ditficult to interpret. Using the direct
method Wirsnack and RowE (1964) found cytoplasmic immunofluorescence in a
maximum of 70 per cent of primary monkey kidney cells after infection with the
CA 1371 strain of LCM virus. Few cells fluoresced in infected WI 26, primary
mouse embryo, and primary rabbit kidney cultures and none in primary hamster
kidney cultures. OLDSTONE and Dixox (1968c¢), using primary monkey kidney
cells infected with the same virus, saw immunofluorescence appear prior to new
infectivity. Again, spread of infection was limited in the sense that with higher
virus dilutions only a proportion of the cells contained fluorescing antigen. Appar-
ently, this is a characteristic of the CA 1371 virus strain. WIKTOR et al. (1966)
infected WI 38 diploid cells and detected at 12 hours immunofluorescence, which
became most intense at 48 hours and faded thereafter, although infectious virus
was still present in high titers. MimMs and SUBRAHMANYAN (1966) followed the
antigen content of macrophages and embryo fibroblasts in vitro from LCM virus
carrier mice and from normal mice infected ¢n vitro and observed a drop of the
proportion of positive cells with time after seeding and infection, respectively.
BENDA et al. (1965) searched for immunofluorescence in L cells infected with the
WE strain. At a multiplicity of approximately 0.5 mouse LDs per cell, intracyto-
plasmic antigen was first detected nine hours after infection. With a multiplicity
approximately 300-fold lower, antigen appeared in the cells after 24 hours. In both
cases fluorescing antigen preceded the infectivity in the medium. Irrespective of
multiplicity, virtually all cells eventually fluoresced. In a later study these workers
detected fluorescing antigen in primary monkey kidney cell cultures as early as six
hours after infection with the WE strain of virus at a high multiplicity (Hro-
NOVSKY et al., 1969). PEDERSEN and VOLKERT (1966) counted the proportion of
immunofluorescence positive L cells infected in suspension with the Traub strain
in parallel with the determination of infectious virus in medium and cells (see
Section III. A. 2). In contrast to BENDA et al. (1965) they first saw cytoplasmic
immunofluorescence appear several hours after the infectious progeny in the
medium. With two different multiplicities again all cells eventually had become
positive. SLENCZKA and LEAMANN-GRUBE (unpublished) infected L cells in sus-
pension with the WE strain virus at a multiplicity of 0.3 L cell ID5o. In two
experiments performed with L cells from different lines, immunofluorescence
became detectable six and eight hours, respectively, after infection, which was
slightly earlier than increases of cell-associated infectivities, The proportion of cells
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exhibiting immunofluorescence rose pari passu with the infectivity but never
reached 100 per cent; a small proportion of approximately five per cent always
remained free of viral antigen. While in most cells the antigen was located in the
cyfoplasm (Fig. 5), it occasionally was also noticed in the nucleus. This observation
contrasts with the majority of other reports, although Mims (1966) found antigen
in some nuclei of cells in carrier mice.

Fig. 5. Virus-specific antigen in L cells, stained with fluorescent antibody, 38 hours after infection with LCM
virus, strain WE. (Kindly supplied by Dr. W. Slenczka.)

More recently localization of antigen in infected cells was refined by ABELsON
et al. (1969) who identified LCM virus antigen with an ingenious new method devel-
oped by Narxane and PiErcE (1966). Antibody, conjugated with horseradish
peroxidase, was brought into contact with the infected cells and then made visible
cytochemically by its ability to convert diaminobenzidine to a phenazine poly-
mer which is brown in color and strongly osmiophilic. The electron microscope
revealed intense staining of the extracellular virions by the labeled antibody. In
addition, large cytoplasmic ribosomal aggregates associated with virus-specific
antigen were observed in the LCM virus-infected cells. Their localization corre-
sponded to the intracellular antigen as revealed by immunofluorescence.

LCM virus-infected culture cells produce antigen(s) detectable by complement
fixation tests. In L cells infected with the WE virus at a multiplicity of one L cell
IDso, cell-associated soluble complement-fixing antigen became detectable
together with new infectious virus (Table 2). It is worth noting that, even after
extensive sonication of the infected cells, less than 50 per cent of the complement-
fixing activity was soluble in the sense that it stayed in the supernatant fluid
upon ultracentrifugation. The antigen increased significantly in the next few hours,
whereby a considerable proportion was released into the medium (LEHMANN-
GRrUBE, unpublished). The time between infection and detectability of complement-



Interaction of Virus with Cells in Culture 23

fixing antigen was prolonged when the infectious dose was lowered (see Fig. 4). In
contrast, the appearance of new infectious virus was not significantly affected by
the multiplicity (see Fig. 4 and Table 2). Undoubtedly this difference reflects the
greater sensitivity of the infectivity assay as compared with the complement
fixation test. ACKERMANN (1961a) detected considerable amounts of complement-
fixing antigen within WE virus-infected mouse embryo cells but little or no re-
lease. PEDERSEN and VOLKERT (1966) discovered traces in L cells infected with the
Traub strain and no release. Using BHK-21 S13 cells and the WE strain of LCM
virus, BRowN and Kirxk (1969) found complement-fixing antigen in the medium
although more was cell-associated. Whether these differences are real or rather
reflect differing sensitivities of the employed assay procedures cannot be decided
at present.

It has been pointed out before (see Section II. F) and is also evident from the
above data that no final statement may be made as to the relationship between
virion and complement-fixing antigen. On the other hand, a complete lack of cor-
relation between infectivity and immunofluorescence was found by LEHMANN-
GRUBE et al. (1969). Also, some circumstantial evidence points to a connection
between complement-fixing and immunofluorescing antigens (BENDA et al., 1965).
It may be tentatively concluded that immunofluorescence localizes complement-
fixing antigen(s) rather than infectious virus. Of course, it is impossible to exclude
the presence of virions in an immunofluorescence positive cell. Conversely, an
immunofluorescence negative cell is not necessarily free of virions.

4. Cytopathogenicity

One of the basic characteristics of LCM virus infection is to leave cells in which
the virus multiplies intact. However, a few exceptions have become known. Among
these are chick embryo fibroblasts, which were found by BEnsoN and HoTcHIN
(1960) to disintegrate following infection with the WE strain virus. DEIBEL et al.
(1965) confirmed this but found adaptation to be necessary for full cytopathic
effects to develop. In other laboratories no such cell destruction was observed with
the same virus strain. HorcaHIN and CiNtTs (1958 ; HoTcHIN, 1958) failed to induce
cytopathology in chick embryo cells with either the WE virus or a strain which
had been transferred 36 times through the chorioallantoic membrane and 43 times
through the yolk sac of the fertile egg. They noticed, however, that the infected
cells were metabolically less active. Apparently, the experimental conditions are
rather critical. The occurrence of cytopathology in KB cells infected with an
unspecified strain (EAGLE et al., 1956) was confirmed by HorcHiN and CiNITs
(1958 ; HoTcHIN, 1958). Tt did not attain extensive degrees and was only seen when
the infectious dose was large. Cytopathology in WE-infected BHK-21 cells
(BarLow and KELLER, 1965a) was also seen by WIKTOR et al. (1966). These latter
authors had employed an isolate from a contaminated cell culture. In this labora-
tory, cell destruction was never observed to occur in the Marburg line of L cells
infected as complete monolayers with either WE or E-350 strains. In contrast,
actively dividing cells were visibly affected. L cells, obtained from Microbiological
Associates, Bethesda, exhibited cytopathology even when infected in the station-
ary phase (LEHMANN-GRUBE et al., 1969). Cytopathic effects in L cells were also
seen by BENSON et al. (1961; BENsSoON, 1962). According to ROWE (personal com-
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munication), some LCM virus strains cause cytopathological alterations in Vero
cells. I have confirmed this finding with two prototype strains, WE and E-350.
Whether the destruction of Vero cells by LCM virus is extensive enough to form
the basis for simple assay procedures (see Section XI. A) will have to be deter-
mined.

The report by STULBERG ef al. (1956) on cell destruction in cultures of eight
established lines (Detroit) infected with LCM virus is too cursory to allow critical
evaluation; no confirmation seems to have been published. Using the J. P. strain
of LEICHENGER e al. (1940), PARIKH (1961) noted cytopathology after five
passages in primary human amnion cells. The reported deaths of mice already on
the fourth day after intracerebral inoculation of infectious cell culture fluid makes
the identity of the agent rather doubtful. The cytopathogenic variant of JUNGE-
BLUT and Kopza (1963b) is probably not a strain of LCM virus (see Section 1X).
The alterations seen by ACKERMANN (1961b) in mouse embryo cells turned out to
have been caused by a contaminating mold (ACKERMANN, 1961a). The strains of
CHASTEL (1965), reported to destroy chick embryo fibroblasts, cannot be consid-
ered to belong to our virus (see Section XII). In conclusion, eytopathology is not
a feature of multiplication of the LCM virus although there can be no doubt that,
under certain circumstances, cell destruction may occur.

C. Persistent Infeetions (Carrier Cultures)

Studies of persistent infections with the LCM virus of cells ¢n vitro are of great
importance for our understanding of the carrier state in mice (see Section V. A. 3).
TraUB (1962b) and TrAUB and Kesting (1963) followed the multiplication of
strain W over a period of several months in lymph node cultures derived from nor-
mal, leukemic, and persistently infected mice. Initially, various elements including
lymphocytes were present in these cultures. Later “fibroblast-like’ cells resembling
“reticulocytes’” predominated. A remarkable feature of the continuous production
of infectious virus was the pronounced cyclic fluctuation in cultures infected in
vitro, which subsided after prolonged maintenance; it was less marked in cultures
from carrier mice. Apparently, these increases and decreases of virus yields did
not occur in the later stages of chronic infections, irrespective of whether they had
been initiated in vivo or in vitro. Cytopathic effects were not observed.

The multiplication of LCM virus in mouse embryo fibroblasts either infected
in vitro or derived from persistently infected animals was followed for weeks by
BENsON et al. (1961), TRAUB (1962b), and TrAUB and KEsTiNG (1963). In spite of
continuous virus multiplication no cytopathology became ever apparent.

BENSON et al. (1961) reported that infection of L cells with the UBC (= WE)
strain resulted in cytopathic cell destruction which eventually affected 90 per cent
of the cell sheet. The surviving cells continued to grow and, after one month,
looked morphologically normal in spite of continuous virus multiplication.
WAGNER and SNYDER (1962) followed the infection of L cells with the WE strain
for 27 passages over a period of 154 days. “No consistent cytopathic changes”
were noted, although virus was produced all the time. No interferon, but moderate
resistance to vesicular stomatitis virus was found (see Section VII. B. 2).

The same system was more fully explored by LEEMANN-GRUBE (1967a). L cell
monolayer cultures were infected with the WE strain of LCM virus and cellular
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and viral multiplications were followed for 39 passages extending over a total
cultivation time of 162 days. Neither cytopathology nor reduction of cell counts
were ever observed after primary infection (zero passage), but both were regular
aspects during the first subcultivation. Retardation of the multiplication of the
infected cells was evident in the following two passages, but thereafter these cells
were indistinguishable in respect to morphology, as well as growth rate, from the
noninfected counterparts, although they continued to produce large amounts of
infectious virus. The media of these chronically infected cultures contained no
interferon and no interference was detected with vesicular stomatitis virus. The
most conspicuous feature was the cyclic fluctuation of the virus yields which
was even more marked than the one seen by Traub (see above). It extended over
the whole observation period, being most pronounced during the first 15 passages
where titers varied between >107-8 and <<101-3 LD5q per ml of culture fluid.

This characterization of a carrier state of LCM WE virus in L cells was con-
firmed and extended by LEHMANN-GRUBE et al. (1969; LEEMANN-GRUBE, 1969a)
with the E-350strain of Armstrong. Serial cultivation of infected L cells was easily
accomplished. Initially, retardation of cellular multiplication and some cytopathic
changes were observed. Later, the cells multiplied normally while continuously
producing and releasing LCM virus (Fig. 6).

Although approximately 95 per cent of these persistently infected “L (Arm)”
cells were infected as shown by immunofluorescence and cloning procedures, patho-

Fig. 6. Initiation of LCM virus-L cell carrier cultures. Multiplication of virus (strain E-350) and cells during the
first ten passages after infection. From F. LEamaNN-GRUBE, W. SLENCzKA, and R. Ters: J. gen. Virol. 5, 63 (1969).
(With permission of Cambridge University Press, London.)
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logical alterations either morphologically (light and electron microscopy) or
functionally (multiplication rate and efficiency of plating) were absent. This
classifies L (Arm) cells as being latently infected in accordance with the definition
given by ANDREWES (1958).

In an attempt to characterize more fully the virus-host cell relationship, the
following experimental facts were established. No antigens alien for L cells were
found on the surfaces of L (Arm) cells, either by immunofluorescence or by cyto-
toxicity tests. Most clones from single cells carried LCM-specific antigen in every
cell. A few clones were free of the virus. Some cultures derived from single cells
consisted of both infected and antigen free cells. This unexpected phenomenon was
interpreted as indicating segregation of virus and cells by some unknown mecha-
nism. Homologous interference was complete. Heterologous interference could not
be demonstrated (see Sections VII. A. 2 and VII. B. 2).

Treatment of L (Arm) cultures with LCM virus-neutralizing antibody slowly
decreased the proportion of antigen-containing cells. This cure was real and,
furthermore, not caused by the inhibition of multiplication of L (Arm) cells react-
ing with antibody. In a preliminary note BENsoN (1961a) reported on the elimina-
tion of the virus from infected Maitland type mouse tissue cultures by guinea-pig
immune serum. These observations indicate that the persistent infection of L cells
with the LCM virus was not only perpetuated by a vertical transfer of virus from
parent to daughter cells but that horizontal spread played a role.

IV. Relationship between Virus and Neoplasms

The relationship between the LCM virus and malignancy has been a matter of
interest ever since Traub’s claim that persistent virus infection of mice may be
the cause of leukemia.

A. Tumors

When discussing the sources of isolation, several instances will be mentioned
where the virus had been discovered in primary and serially maintained tumors
(see Section X. A. 4). Isolation of the virus does not prove that it had multiplied
within the tumor tissue. Some data, however, leave little doubt that this occurs.
TraUB (1941) determined the infectivity in a lymphosarcoma from a carrier
mouse; it was approximately 1000 times higher than in the blood but not different
from other organs of the same animal. The high virus concentration (>107 LDsq
per g of tissue) found by LEWIS et al. (1965) in an infected hamster fibrosarcoma
probably also resulted from local multiplication. No evidence is at hand which
would support the notion that the LCM virus multiplies preferentially in a tumor
as compared with other tissues of the same animal.

PorTER and Haas (1959) studied the relationship between an amethopterin
resistant subline of a lymphocytic ascites tumor of DBA/2 origin, amethopterin,
and the LCM virus. When the neoplasm was infected ¢n vitro and then carried in
nonimmune amethopterin-treated or untreated (BALB/c x DBA/2) F; hybrids,
all tested mice were found to be viremic. Apparently, the infected ascites cells
released a large amount of virus. When the mice had been immunized with LCM
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virus prior to transplantation, no virus became detectable in the recipients, and
after five such passages the tumor was found to be free of virus; it did not regain
its infectious capacity after 12 passages in nonimmune mice. In contrast, when
the infected tumor cells were passed to LCM-immune mice which were treated
with amethopterin, the virus was not eliminated and viremia became detectable
in most animals. Somehow the drug interfered with the specific immune activity
of the LCM virus-sensitized host; this is surprising, because amethopterin is
thought to suppress the development of immunity rather than established immune
responses.

This phenomenon is even more difficult to comprehend when reading the
follow-up report by Haas (1960). Viremia developed during 38 passages of the
infected P 288 cells in non-immune mice and the tumor cells were quickly cured in
immune mice after one, two, and three passages, respectively, in three transfer
series, essentially confirming the previous results. The surprising observation is
that after 14 passages of the persistently infected tumor cells in amethopterin-
treated immune mice, the drug could be withheld without affecting the develop-
ment of viremia, provided that the transfer of the tumor was done into the peri-
toneal cavity of the immune recipient. We are bound to conclude that the immune-
mediated cure of the infected tumor cells had become more difficult because of
some change in the virus-cell relationship brought about by the prolonged presence
of LCM-immune cells and/or antibody together with amethopterin.

Bexson and Horeain (1962) studied the oncogenicity of LCM virus-infected
L cells in normal adult, normal newborn, and persistently infected carrier mice and
concluded that the virus infection had transformed the L cells into a more onco-
genic state. This important claim should certainly be studied in more detail.

B. Leukemias

TrAUB (1941) reported the observation that leukemia occurred more often in
a carrier colony than in a noninfected subcolony which had originated from six
virus free mice of the same original stock. Whereas the data seem to indicate that
a real difference existed, they fail to prove that the higher incidence was caused
directly by the virus and not by some other factor, e.g. selection, which might or
might not have been associated with the persistent viral infection. Later, TRAUB
(1962¢) reported on the incidence of various forms of lymphatic leukemias in
mice free of LCM virus as compared with carriers, and found initially no signifi-
cant differences. Upon brother-sister mating changes occurred, not only in the
LCM virus-infected but also in the control breeding lines, and the conclusion that
the chronic virus infection had been responsible for a relatively high incidence of
early lymphomatoses in one of the lines was hardly justified. STEWART et al. (1957)
found no evidence that LCM virus had been responsible for leukemia and parotid
gland tumors of mice.

POLLARD ef al. (1968a) found in four of eight gnotobiotically raised one-year-
old carrier mice that the thymuses, lymph nodes, and spleens were *‘so large as to
suggest that they were leukemic”. The histological appearance differed from that
of lymphatic leukemia and rather resembled reticulum cell sarcoma or plasma-
cytoma. In a follow-up study PoLLarRD and SHARON (1969) detected “‘lymphoma-
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like” changes in 28 of 54 germ free carrier mice older than eight months. Because
of the extensive immuno-proliferation with numerous plasma cells in the organs
and the increased levels of globulin in the sera of these mice, the lesions were again
classified as plasmacytomas. The control mice were free of such alterations. The
relationship between these tumors and LCM virus is difficult to evaluate. The in-
fected mice came from a carrier colony which had been maintained for over 25
years, while the controls were from an entirely different mouse stock, thus making
a direct comparison between the two kinds of mice impossible.

Several reports on the beneficial influence of LCM virus on the courses of trans-
missible leukemias in guinea-pigs and mice will be discussed together with inter-
ference phenomena, although we do not know whether the observed sparing effects
may be ascribed to genuine viral interference. The same is true of other examples
of inhibition of virus-induced tumor development (see Section VII. B. 1).

V. Virus and Maecroorganism

In discussing the interaction of this virus with animals and man, a clear
distinction between infection and disease has to be maintained (see Section I. A).
The number of different species which may be infected with LCM virus is large;
response with signs of illness, however, is seen in a few hosts only.

A. Mouse (Mus Musculus)
1. Signs of the Disease in Adult Mice

The intracerebral infection of the adult mouse with the LCM virus is followed
by a characteristic illness. This has been described by many writers, and rather
than add a new version I shall quote R1vErs and ScotT (1936a) whose description
is pre-eminent in conciseness and clarity. ‘“‘During the first 5 days after inoculation
the mice appear well. Occasionally on the 5th, but more commonly on the 6th day,
symptoms appear, at which time some of the mice may be found dead although
none of them were obviously sick on the preceding day, while others with dirty,
ruffled fur, half-closed eyes, and hunched backs remain motionless. When disturb-
ed they occasionally leap up and down in the jar and fall over backwards; but the
characteristic reaction, especially when the animals are suspended by the tail, is
for them to exhibit coarse tremors of the head and extremities frequently going on
to a series of clonic convulsions terminating in a tonic extension of the hind legs.
In male mice an erection sometimes occurs during the convulsions. The convul-
sions, often the cause of death, may also occur spontaneously either in sick mice
or even in those that appear to be normal. As a rule, the animals either die within
1 to 3 days after the onset of symptoms or quickly recover in 5 or 6 days. Paraly-
ses have never been observed.” The fate of the mouse after peripheral infection
depends on the virus strain. With the Armstrong strain (E-350) hardly
any signs ensue. After infection with the WE strain of Rivers, a few mice
die with indefinite signs of illness. Another strain isolated by the late Dr. C.
Armstrong and used by Rowe (1954) was found to be markedly pathogenic
with pleural and/or peritoneal effusions after intraperitoneal inoculation; these
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were 80 severe as to cause death by respiratory embarrassment in 30 to 70 per cent
of the animals when high doses were inoculated. After subcutaneous inoculation
most strains are not markedly pathogenic. Disease signs in such mice can be dem-
onstrated by weight measurements which reveal a retardation of growth between
the 5th and 12th day or even loss of weight (Horcain and BENSoN, 1962;1963).

TraUBand KusTiNG (1963) noted seven to eight days after subcutaneous inocula-
tion of the W strain virus a ‘“‘more or less extensive s.c. edema in the injected area”.
Since this observation contrasts with the negative results of most investigators, its
significance is difficult to assess. In particular, its relationship with the foot pad
reaction (see Section V. A. 2) is unknown.

Many et al. (1964) assayed the plasma levels of lactate dehydrogenase, aspartate
transaminase, alanine transaminase, phosphoglucose isomerase, aldolase, and alka-
line phenylphosphatase in intracerebrally LCM virus-infected adult mice and
found none of the enzyme activities to be altered on days two, four, or seven,
although all animals were dead by day ten.

Working with four isolates from mouse neoplasms of uncertain identity, but
also with a laboratory strain, STEWART and Haas (1956) made the usual observa-
tion that subcutaneous inoculation into mature mice led to an inapparent,
immunizing infection. However, if the virus was mixed with freshly minced fetal
mouse tissue, the subcutaneous inoculation was followed by a fatal disease. To my
knowledge, this peculiar phenomenon was never investigated further. Likewise
unexplained is the modifying effect of Evans blue dye on LCM virus infection.
In mice that received virus into the foot pad and concurrently or up to two days
later 0.25 ml of a 0.5 per cent solution of Evans blue intravenously no local foot
pad response developed ; instead, these mice became sick and died. Evans blue
given on the third day or later had no such an effect; nor did it cause illness by
itself. A similar consequence of dye inoculation was seen in mice infected sub-
cutaneously but not in those infected intracerebrally or intraperitoneally (CuTIE
and STRORA, 1965).

2. Foot Pad Response

The existence of a local virus-mediated reaction was described by RoGER and
Hotcuin (1962; Horonin, 1962b; RoGER, 1963b). The foot pads of mice respond
to the inoculation of the LCM virus with swelling and gross edema, the beginning
and duration of which are dose dependent. Otherwise many mice remain free of
signs of a disease but become immune. A proportion develops a severe illness
(see below).

Various virus strains passaged in mice, guinea-pigs, or eggs as well as triple
plaque-purified material were effective. No response was seen with heated viral or
uninfected control materials. By quantal titration, the foot pad was found to be
somewhat less susceptible to the virus than the brain after intracerebral inoculation.

A more extensive analysis was conducted by RoGER and RoGER (1963a; 1963b;
1964a; 1964 c). At limiting dilutions some mice did not react locally even though
they had been infected as evinced by later immunity to intracerebral challenge.
Thus the titer based on infection may be higher than the one based on the local
response, which is reminiscent of the difference between ID5g and LDso after
intracerebral inoculation (see Section XI. A. 1) and may best be explained along
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similar lines, ¢.e. spilling of virus into the blood stream. As regards the general
disease, three courses were distinguished: (1) the mice died with cerebral signs less
than 15 days after infection; (2) they succumbed to a runt disease between days 15
and 21; (3) they survived.

The proportion of mice dying acutely varied significantly between colonies,
ranging from 8.7 to 35.7 per cent. The survival times in these animals were not
different. Since the mice from different colonies that had survived the first peak
of mortality were indistinguishable, the authors concluded that every colony is
made up of two subpopulations called ’S* and “R”, signifying susceptibility or
resistance to the acute disease, respectively. “S” and “R’’ were thought to be
controlled by genetic factors unrelated to sex. From the finding that the mean
survival time after intracerebral inoculation was shorter than the mean survival
time after foot pad inoculation (of those mice which died acutely) but that in both
cases the individual observations were normally distributed with equal standard
deviations, it was hypothesized that two types of infection occur after foot pad
inoculation; a local one where the virus is confined to the site of injection and a
systemic one which follows the occasional dissemination of the virus after a break-
down of the lymphatic barriers; in this latter case the ensuing disease was thought
to be identical to the one following the intracerebral inoculation with a delay
caused by the initial local retention.

The latter part of this hypothesis can hardly satisfy. It does not account for the
fact that subcutaneous inoculations almost never and intraperitoneal inoculations
rarely cause the cerebral disease, although mice may be very sick after peripheral
infection and even die. Nor does it explain why some mice may be infected by the
foot pad route, yet show no local response (Rocrr and RoGER, 1964¢). As may be
expected, the general disease following the foot pad inoculation is associated with
spread of the infection. RogeEr and RoGER (1966) found virus in the brains of
40 mice which had died acutely or with some delay after infection via the foot pad;
no dissemination of the virus could be demonstrated in ten mice which had reacted
locally only.

Horonin and BeNsoN (1963) determined the lethality in two mouse colonies
after foot pad inoculation of two UBC (= WE) substrains. Few of either “Swiss”
or “Albany” mice died when M/B; was inoculated. However, when M/B; Li; was
employed — which differed from the former by having been passaged 11 times in
mouse livers — the pattern of lethality was markedly different. Only 3.3
per cent “Swiss’” mice succumbed as against 40 per cent “Albany” mice. These
data indicate that death after the foot pad inoculation is not only a function of the
mouse strain but is determined by an interaction of both virus and host.

3. Carrier State

In December 1934, Traub, then working at Princeton, N.J., discovered a virus
in the institute’s mouse stock which presumably had not been there the previous
year. Upon intracerebral inoculation of sterile broth into apparently healthy
animals a small proportion developed signs of disease. From their brains an in-
fectious agent was isolated which caused death in the majority of previously
uninfected mice after intracerebral inoculation and also killed most guinea-pigs
(TraUus, 1935a; 1935b; 1936a). In his first reports, Traub noted the simi-
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larity of alterations caused by his virus with those described by ArMsTRONG
and Lirrie (1934) and within a short time the serological identity of the
two viruses as well as their identity with the agents isolated from man by Rivers
and ScoTT (1935) was established. The origin of the new isolate remained obscure.
No viremia was found in 102 house mice trapped on the premises. However, after
intracerebral inoculation of another group of 45 such mice, five did not respond.
Pooled (?) blood from four of these drawn one month later was viremic. In yet
another series, three wild mice had been infected intraperitoneally without signs
and challenged intracerebrally 38 days later. Pooled serum taken 78 days after
the intracerebral test contained virus (TrAUB, 1936¢). Although the possibility
cannot be excluded that the infectivity in the blood stemmed from the experi-
mental infection, these observations are compatible with the most likely explana-
tion that the virus had been introduced into the colony by infected house mice.

The analysis of the numerous experiments performed by TraUB and reported
between 1936 and 1939 (1936a; 1936b; 1936¢; 1938b; 1939a; 1939b) is made
difficult by the fact that a distinction between protection due to immunity and
apparent protection due to persistent infection was initially not always made.
When first recognized approximately half the animals were involved in the
epidemic. Of these, roughly two thirds were carriers with virus in blood and organs
and the remainder were actively immune. Dams transmitted the virus to their
offspring; carriers of both sexes caused horizontal spread within and even between
cages. As a rule, neonatally or congenitally infected mice remained carriers for the
rest of their life. Those infected at a higher age underwent clinical or subclinical
infection but often recovered to be subsequently protected. As TRAUB (1938 b)
pointed out, “the more immature the mouse tissues are at the time of infection,
the more regularly the virus persists in them”. Carriers shed the virus with nasal
secretions and urine. The very efficient horizontal and vertical transmission is
illustrated by the observation that in subcolonies where close contact between
animals was provided soon all were resistant to challenge; by 1937 all mice of the
infected colony had become carriers, intrauterine infection being then the only
mode of transmission.

Initially up to 100 per cent of the mice born to carrier mothers exhibited patho-
logical signs. These consisted of what today would be called runting and were first
in evidence around the seventh day after birth; they lasted for approximately one
month. Lethality in these mice was rather high. It should be mentioned that overt
disease in congenitally infected carriers must be considered to be exceptional.
Most workers observed few or no signs of disease in mice born to infected mothers.
In 1937 the virus-host relationship had changed markedly, mice born to carriers
now being practically healthy (TRAUB, 1938b). TRAUB (1939b) concluded that
both mice and virus had changed towards a mutual adaptation which he called
a “‘perfect parasitism”.

In the following years, Traub’s observations were confirmed and extended.
As a rule, carrier dams transmit the virus to their offspring with an efficiency close
to 100 per cent (Haas, 1954; TRAUB, 1960a; LEHMANN-GRUBE, 1964 b), although
a few exceptions have been reported. TRAUB (1939b) mated neonatally infected
female carrier mice with noninfected males and found four of nine litters free of
virus, although all mothers had been shown to be viremic before and after parturi-
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tion. SEAMER (1965a) reported that among 42 infants from first litters born to
mothers which had been made carriers by infection after birth and which had been
shown to be viremic before and after delivery, 11 were free of virus. Of these, two
were resistant to intracerebral challenge, two succumbed with accelerated
responses, and seven died of typical LCM. Later, the same mothers gave birth to
viremic progeny only. Mice of the second to the fourth generation were always
carriers. Such differences between first and later litters seem to be exceptional.

Transmission of the virus from female carrier mice to their offspring occurs
in utero (TRAUB, 1936¢c; 1939b). From his extensive experimentation, TRAUB
(1960a) drew the conclusion that the ova were infected, possibly before implanta-
tion into the mucosa of the uterus. Mims’ demonstration by means of immuno-
fluorescence that in persistently LCM virus-infected mice reproductive cells are
found infected (Mims, 1966) lends support to this hypothesis. Thus, carrier mice
may be infected from day one of their existence. Of course, we do not know
whether such ova may be fertilized and develop normally.

The state of mice born to normal females infected during pregnancy varies. In
Traub’s initial studies (TrAUB, 1936¢), three of four litters were free of virus when
mothers were inoculated intracerebrally or intravenously before parturition.
Haas (1941) found 10 of 14 litters to have the virus when the mothers had been
infected 1 to 11 days before delivery. LEHMANN-GRUBE (unpublished) did not
succeed in inducing the carrier state via the pregnant female. As shown by Traus
(1960a) only a rather narrow time span during pregnancy permits the transfer of
virus from the mother to the fetuses.

Recently, Mius (1969) reported studies concerning the effects on mice eight to
nine days pregnant and their fetuses after intravenous and foot pad inoculations
of the WE strain of LCM virus. The intravenous route proved to be significantly
more virulent for pregnant than for normal mice. After the intravenous inoculation
of 103 LDs, infectivity in the placenta appeared on the first day and rose to high
concentrations. Histopathology was observed by day five. In the fetuses, virus
did not appear before the fifth day; one day later they were dead. When 107 LD5q
were inoculated, the virus concentration in the placenta was 108 LDsq per g after
30 hours and had risen to 109-6 on the third day. At these times, the fetuses con-
tained less than 103-8 and 105-4 LDj3q per g, respectively. The mothers were well
on the fifth day, but the fetuses died between days two and four. As judged from
distribution of immunofluorescing antigen, infection probably spread from foci
in the placenta to yolk sac and amnion and thence to the fetus. No evidence was
obtained that the virus was carried to the fetuses with maternal blood.

When mice seven to eight days pregnant were infected with the Armstrong
virus, the offspring was uninfected and normal.

TrAUB (1960a) determined the role the father may play in transmitting the
virus. One half the litters born to normal mothers mated with persistently infected
fathers had virus. Litters following infected ones were always free of virus.
Pertinent data were also presented by SkKINNER and KNIGHT (1969).-When
persistently infected male mice were mated with specific pathogen free females, the
babies had no virus when examined within two to three days of birth, but many
were resistant when challenged later. At the age of three or more weeks a few
mice had infectious tissues or excreted virus with urine indicating that they were
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persistently infected. Apparently transmission of virus to the progeny occurred
either after birth directly from the father or through the acutely infected mother
but not via the male sperm.

TrAUB (1960b) assayed the virus contents of blood, spleens, and reproductive
organs of adult carriers and found the concentrations to be higher than in mice
infected when five weeks old and killed six to seven days later. In inbred carrier
mice, established by neonatal infection, marked differences between strains with
respect to virus concentrations in blood and organs were noted by OLDSTONE and
Dixon (1968a; 1968b) with lowest titers in C3H, higher ones in BjpDy Old Line,
and highest in SWR mice. VOLKERT and HANNOVER LARSEN (1965¢) found
slightly lower titers in C3 H as compared with AKR mice, but the differences were
not nearly so great as the ones seen by Oldstone and Dixon.

TrAUB (1961b) measured the complement fixation activities in many ditferent
organs of carrier mice. Highest concentrations were found in spleens and lymph
nodes. No organ was consistently free. WiLsNack and Rowe (1964) studied the
distribution of antigen by means of the immunofluorescence method in young adult
carrier mice from a colony established approximately 40 generations previously
by Haas (1941). Infected cells in liver, kidney, spleen, lungs, intestines, heart, and
uterus were found with varying numbers but always in low proportions. Immuno-
fluorescing antigen was also observed in the trophoblastic epithelium of embryonic
tissue but not in the ova of one pregnant mouse. In four of six animals some
immunofluorescence was detected in leptomeninges, choroid plexus, arterial endo-
thelia, perivascular connective tissues, and, on occasion, in astrocytes and neuro-
glia. In only one mouse were neurones involved. Mius (1966) investigated by the
same method the antigen distribution in WE strain carriers — unborn, newborn,
suckling, young adult, old adult — from a colony initiated by LEEMANN-GRUBE
(1964Db) two to three years previously and arrived at results which differed
qualitatively and quantitatively. In embryos most cells of all tissues contained
small, sparsely distributed cytoplasmic and nuclear particles. With the develop-
ment after birth the quantity of antigen per individual cell enlarged, although
the number of positive cells in some tissues, such as muscle and cartilage,
decreased significantly. Old carriers showed a considerable increase in the number
of infected neurones and in the amount of antigen contained in these cells. Of great
significance is the finding that in adult female carriers germinal epithelia, follicles,
and an occasional ovum were infected. In various inbred mouse strains persistently
infected by neonatal infection with the CA 1371 strain of LCM virus, OLDSTONE
and Dixon (1969) demonstrated antigen by immunofluorescence in all tissues
with greatest concentrations in brains (neurones of cortex, thalamus, hippocampus,
cerebellum), livers, and kidneys.

Darrox ef al. (1968) had difficulties in detecting virus particles by
electron microscopy in organs of congenitally infected mice. None were found
in liver, pancreas, or uterus, but a small number was located in the
kidneys.

For many years it was thought that carrier mice do not respond at all immuno-
logically to the viral antigen(s). It now has become clear that in neonatal and prob-
ably also in congenital carriers circulating antibody is present together with the
virus (OLpsTONE and Dixow, 1967; Bexson and Horcuin, 1969). This aspect
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of the persistent infection will be more extensively discussed when dealing
with the pathogenetic mechanisms of the LCM disease in the mouse (see Section
V.A. 4.Db).

For experimental purposes carriers are most often produced by neonatal infec-
tion. Surviving mice are, with few exceptions, carriers (Haas, 1941; TRAUB,
1960b; LEEMANN-GRUBE, 1964b; VOLKERT and HANNOVER LARSEN, 1965a). All
mothers are immediately infected, which may lead to illness and consequent loss
of the offspring due to neglect, thereby simulating high pathogenicity of the virus
for the newborn mice. Another important aspect of the transmission of the virus
to the mother has to be mentioned. As early as ten days after infection the infants
had circulating antibody detected by immunofluorescence method which was
shown to originate in the mother, being transmitted with the milk. It disappeared
on weaning and was replaced by low levels of indigenous antibody weeks later
(BEnsox and HorcHIN, 1969).

VorkERT and HANNOVER LARSEN (1965a) determined the kinetics of virus
multiplication in newborn mice as reflected by the levels of infectivity attained in
the blood and found no significant differences after intraperitoneal inoculation of
10, 100, or 1000 LD5p into mice less than 18 hours old. Within three days the titers
in the blood had risen to 1045 LD5q per ml or more and on the sixth day all titers
were >>10% LDs5g per ml where they remained for a few days. They then declined
rapidly to reach 1053 LDjo per ml by day 14, a concentration which was main-
tained more or less constant for many months. PETERSON and MARSUDOVA (1969)
followed the virus contents for up to 90 days in the organs of mice infected intra-
cerebrally at age four hours or two days, four days, six days, or twelve days.
Infectivity titers in brains and spleens remained essentially constant over the
period of observation; in contrast, the virus concentration in the blood varied
markedly. It may be considered a significant finding that the age of the mouse at
inoculation did not demonstrably influence the virus titers.

In this laboratory, multiplication of the WE and E-350 strains was followed in
newborn mice for 14 days after infection (HEUWINKEL and LEEMANN-GRUBE,
unpublished). Mice, less than 24 hours old, were inoculated intraperitoneally with
1000 IDs5g (mouse). At daily intervals, three animals from at least two litters were
killed. They were skinned and eviscerated, the whole carcasses were ground with
sand in a mortar and a ten per cent suspension was prepared and titrated in L cell
tube cultures. The results of two such experiments may be summarized as follows.
The WE virus climbed rapidly and attained maximum levels within three days.
Significantly slower multiplication took place with the E-350 strain, which reached
its highest concentration not before the seventh day. However, essentially equal
concentrations of approximately 109 IDsy (mouse) per g of mouse tissue were
eventually reached by both these virus strains. After having arrived at maximal
values, the virus titers did not decrease within the period of observation, which
contrasts with Volkert’s observation related above where viremia was found to
decline in neonatally infected animals. In organs of adult carrier mice which had
been infected by neonatal contact with established carriers, TRAUB (1938b) found
significantly higher virus concentrations than in the blood. Apparently, in older
mice or, alternatively, during the later stages of an infection, less virus is released
into the circulation.
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The evolution of the infection in mice inoculated intracerebrally when approxi-
mately 12 hours old with 105 IDsg of the WCP strain was investigated by Brown
(1968) with the help of fluoresceine isothiocyanate-coupled antibody. The virus
was found to be distributed in three ways: (1) spread from the site of inoculation
with the cerebrospinal fluid to meninges and plexus and from there to the brain;
(2) dispersion via the subcutaneous tissue; (3) dissemination with the blood. A
synopsis of the relationship between time and appearance of antigen in the organs
may be found in Table 3. On the fifth day the antigen was ubiquitous. At this time

Table 3. Distribution of Virus Antigen as Determined by Immunofluorescence in the
Tissues of Mice Inoculated at Birth with LCM Virus
From P. BRown: Arch. ges. Virusforsch. 24, 220 (1968)
(With Permission of the Author)

Time after inoculation

12 hours 1 day 2 days 3 days 5 days
Site of inoculation 0 + ++ ++++ + 44+
CNS 0 + ++ +++ + 44+
Liver 0 =+ + -+ ++ 4+ + 4+
Spleen 0 0 ++ + 4+ NENENIN
Kidneys 0 0 + + 4+ + 4+ +4
Blood 0 0 + + 4+ + 44
Lymph nodes 0 0 0 ++ o
Thymus 0 0 0 <+ 4 + 4+ 4+ +
Other 0 0 0 + 4 + 4+ 44+

the fluorescent cells were found throughout the central nervous system and al-
though it was usually not possible to distinguish between cell types the location
indicated that neurones were heavily involved. In 20 months, neither intensity
nor distribution of antigen had changed to any extent.

The outcome of the neonatal infection, ¢.e. death or survival with persistent
infection, depends on various factors of which route of inoculation and mouse and
virus strains will be reviewed here. Others, such as age of the mouse and dose of
the virus, will be dealt with when discussing pathogenetic mechanisms (see Section
V.A. 4. D).

The route of inoculation seems to make little difference. Intranasal, intra-
peritoneal, and intracerebral infections have been employed with similar results.
Horcnin et al. (1962) saw a somewhat greater pathogenicity when the virus was
inoculated intraperitoneally rather than intracerebrally; however, WAGNER and
SNYDER (1962) noted that less pathogenicity was associated with either the intra-
peritoneal or the intranasal as compared with the intracerebral route. TrRAUB
(1960Db) observed that more newborn mice developed persistent viremia after intra-
cerebral (52 of 52) than after intranasal (26 of 54) infection.

WaITNEY (1951a; 1951b) found that less than 20 per cent of 84 mice
one to three days of age died when inoculated intracerebrally with cerebrospinal
fluid from an I.CM patient or liver spleen suspensions from wild carrier mice,
materials which had killed 49 of 50 mature animals. The results were similar when
these fresh isolates had been passaged once in mice. By way of contrast, when
newborn mice were injected with LCM virus, strain Armstrong, which had been
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transferred 380 times in mice, only 9 of 37 survived. She concluded that adapta-
tion might have enhanced the virulence of the agent for infant mice. TRAUB
(1960Db) observed significant differences of the pathogenicities for newborn mice of
four strains of LCM virus. He also noted differences with regard to pathogenicity
for adult mice. Significantly, these two viral properties were not linked with each
other. When studying the effect of age (see Section V. A. 4. b), HorcHix and
WEIgAND (1961a) found a low mortality in two outbred mouse strains, ‘‘Albany”
and ‘“Swiss”, infected with the UBC=WE virus. Later, HoTcHIN ef al. (1962)
observed close to 100 per cent mortality with UBC in Albany mice, the only
difference with the previous experiments being that the virus had been transferred
five times more in mouse brains, thereby reaching the seventh intracerebral pas-
sage level. When virus of the first intracerebral passage was employed or when
sixth passage material was transmitted ten times intraperitoneally with liver homo-
genates, the ability to induce persistent infection with close to 100 per cent
survival in newborn mice was restored. The proportion of survivors after infection
with the Albany virus strain which had been previously passaged in fertile eggs
and with strains 600290 and 600286 which had gone through mouse brains three
and four times, respectively, was likewise high. In contrast, strain 600287 in its
11th mouse passage killed four of six one-day-old mice. From these data
Hotchin and his colleagues concluded that virus strains are either ‘““docile” or
“aggressive” in newborn mice. Since passages through mouse brains seemed to
confer aggressiveness while intraperitoneal passages apparently favored docility,
it was said that “the docility of an LOM strain is associated with its viscerotropism,
and the aggressiveness with neurotropism”. It will be pointed out later (see Sec-
tion V. A. 4. a) that the characterization of an LCM virus strain as viscerotropic or
neurotropic lacks rationale. But even if this terminology were acceptable, the mere
passage five times in the central nervous system cannot necessarily be expected
to have conveyed neurotropism on a previously viscerotropic agent.

Be this as it may, the classification of a strain to belong to either the docile
or the aggressive category is in itself of doubtful value. The WE strain, found to
be docile by Hotchin when not passaged in the mouse brain and also by TRAUB
(1960b) after guinea-pig passages, was aggressive in Australian Walter and Eliza
Hall Institute multicolored mice, even without prior intracerebral passages (LEH-
MANN-GRUBE, 1964b). The same strain after 16 and 17 mouse brain passages or
after 15 mouse brain passages followed by two transfers through L cells or
after 14 mouse brain passages followed by two transfers through guinea-pigs
and three further transfers through BHK-21 cells in witro killed 249 of 250
C3H mice which had survived the first four days after their infection at the age
of 24 hours or younger, independent of route or dose (LEHMANN-GRUBE, un-
published). The Traub strain, which had been found by VorLkrrT (1963) to kill
20 to 25 per cent of infant AKA (=AKR) and by HaNNOVER LARSEN (personal
communication) 31 per cent (452 of 1450) C3 H mice in Copenhagen, was lethal for
75 per cent of C3 H mice of the same age in Marburg, the only other difference being
one further passage in mice, either intracerebrally or intraperitoneally. Of alto-
gether 477 newborn animals, 120 died in the first four days, presumably due to
trauma or neglect by the mother. Of the remaining 357 mice, 191 (54 per cent)
died between days 5 and 35,45 (13 per cent) between days 36 and 60, and 2
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further mice when colder than 60 days. [The corresponding figures for the Copen-
hagen C3H mice, kindly supplied by Dr. J. Hannover Larsen, are as follows; in
the first four days 236 babies died. Of the remaining 1214 mice, 216 (18 per cent)
died on days 5 to 35; none thereafter.] Thus, with the above terminology, the
Traub strain would be called docile for AKR and C3H mice in Dr. Volkert’s
laboratory but aggressive for C3H mice in Marburg. In contrast to the high
proportion of C3H mice which died in this laboratory after infection with the
Traub virus, 200 of altogether 333 (60 per cent) CBA mice survived the intra-
peritoneal inoculation of 1000 IDsg of the same virus preparation; deaths occurred
12 times between days one and four, 106 times between days 5 and 35, 15 times
between days 36 and 60, and none thereafter (LEHMANN-GRUBE, unpublished).
In an attempt to further elucidate the role of prepassages on the virulence for
newborn mice, three standard strains, Armstrong’s E-350, Rivers’ WE, and
Traub’s T, which had been maintained in various hosts previously, were passaged
ten times each, either intracerebrally with brain or intraperitoneally with liver-
spleen-kidney homogenates under otherwise identical conditions. The final pools,
stored in ampoules at —60° C, were titrated in mice three times each, to obtain
accurate measures of their activities. Outbred albino mice were then inoculated
intraperitoneally when less than 24 hours old with 100 or 10,000 IDs¢ and deaths
were recorded daily for five weeks. Part of the survivors were then tested and all
proved to be carriers. The results of this experiment (Table 4) clearly show that

Table 4. Influence of Passage History on Virulence of LCM Viruses for Mice Infected
when Less than 24 Hours Old

Virus Death in newborn mice
Strain
Ten passages in Dosis (IDso) Number %
Brain 100 5/641
WE 10,000 3/74 } 8/138 5.8
Internal 100 4/46 9/138 6.5
organs 10,000 5/92 / '
Brain 100 14/101
10,000 10/56 } 24/157 15.3
E-350
Internal 100 1/32 478 5.1
organs 10,000 3/46 / :
Brain 100 1/35
- 10,000 3/72 } 4107 3.7
Internal 100 4/53
organs 10,000 3/61 } /114 6.1

1 Number of mice dead between 5th and 35th day over number alive on fifth day
after infection.

all six substrains were docile. Hence, prepassages in the brains or the viscera did
not noticeably influence the virulence for newborn mice. It is to be stressed that the
WE strain used in this experiment is the same as the one which was aggressive in
Walter and Eliza Hall Institute and even more so in C3 H mice and is presumably
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identical with the UBC strain used by Hotchin, and that T is the strain which was
docile in AKR, C3H (Copenhagen), and CBA but aggressive in C3H (Marburg)
mice (see above). Thus, whether a virus is docile or aggressive depends on its
interaction with the host and varies from mouse strain to mouse strain ; it has to be
determined empirically in each combination. Inasmuch as the LCM virus carrier
state may be regarded equivalent to actively acquired immunological tolerance, it
is comparable to the prototype of this phenomenon, namely induction by neonatal
inoculation of homologous spleen cells where successes or failures, likewise, de-
pended on the donor-recipient combination (BrLuinéEAM and BRENT, 1958 —60).

According to SIKORA et al. (1968), yet other variables have to be considered.
These authors observed a marked increase of lethality in newborn LCM virus-
infected mice due to minor degrees of stress, e.g. exchange of mothers. The cause
was thought to lie in decreased maternal care. In the same category falls the
observation of M. VOLKERT (personal communication) that at the State Serum
Institute in Copenhagen, where the mice were kept under optimal conditions,
lethality for AKR mice had been 25 per cent (see above). After having moved to
a new domicile where the animal quarters were not as well controlled, the overall
lethality soared to 80 per cent. By improving the conditions it could be lowered
but is still — at present — at 40 per cent.

The question to be answered next is whether the carrier state as described
above signifies a latent infection which, as will be recalled, has been defined as be-
ing persistent and inapparent. There can be no doubt concerning the persistence.
The chronic infection is, however, not without consequences for the host. Even
with the most “docile” mouse-virus combination, a certain proportion of mice
inoculated neonatally die (see above). All survivors are, at least initially, more or
less affected ; they grow slower and may go through a phase of runting. They then
may develop normally but when approximately one year old some of them have
been found to develop ruffled fur, frequently blepharitis, and a hunched posture
followed by degenerative changes of eyes and skin and general wasting with early
death (TraUm, 1938b; HorcHin, 1962a; HotcHIN ef al., 1963; HoTcHIN and
CorLins, 1964 ; HorcHIN, 1965 ; OLDSTONE and D1xox, 1969 ; Mims, personal com-
munication); as TrauB (1938b) had pointed out, “on the whole, the animals
appeared to age sooner than uninfected mice””. Organs from neonatal carrier mice
were weighed by BaxER and HorcrIN (1967) 10 to 16 months after infection and
were found to be lighter than those from control animals. Histologically, a marked
glomerulonephritis with involvement of the capillary tufts, hyaline thickening of
the basement membranes of the capillary loops, and perivascular infiltrations and
a hepatitis with scattered areas of focal necrosis and inflammatory infiltrates
were the most prominent alterations. Other organs were affected to a lesser extent
(HoTcHIN et al., 1963; Horcain and Corrins, 1964; BARER and HorcHIN, 1967 ;
OLpsTONE and Dixow, 1969). The ability to clear urea and creatinine from the
blood was impaired in these mice (BARKER and HoTcHin, 1967). It is to be stressed
that the extent of this “late-onset disease” was found to vary considerably in
neonatally LCM virus-infected mice (Horcury and CoLrins, 1964; OLDSTONE and
D1xox, 1968a; 1969; OLDSTONE ef al., 1969). In some virus-mouse strain combina-
tions it did not develop at all (VoLKERT and HANNOVER LARSEN, 1965¢; OLD-
STONE and Drxon, 1969; Mims, personal communication).
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The situation is different with congenitally infected mice. Outwardly these
animals appear to be quite healthy. Thus, PoLLARD et al. (1968b) found neither
growth rates nor litter sizes to be reduced, but most investigators noticed some
changes. TrRAUB (1938b) observed that mice, infected in utero, grew slightly slower
than noninfected ones. WEicAND and HotcuiN (1961) noticed a slight retardation
of the growth rate around the tenth day in infant mice born to neonatal carriers.
SEAMER (1965a) recorded smaller litters and increased mortality in the 14 days after
birth, as compared with controls. According to TRAUB (1941), more mice died in an
established carrier colony from lymphomatosis and noninfectious diseases (no
details given) during a 12 months’ observation period as compared with non-
infected controls kept in parallel. Mims (1968) observed slower growth and a
reduced reproductive capacity in congenital carrier mice. Recently, he summarized
his observations on established WE virus carriers extending over a period of
600 days (MimMs, personal communication). The birth weights were normal, but the
litter sizes were significantly smaller. Carriers grew slower and remained lighter
than normal mice. Throughout their lives, the mortality was increased. Many
mice were wasted when one year old. In 15 to 20 members of the colony muscular
dystrophy developed at the age of three weeks to nine months, leading to paralyses,
mainly of the lower part of the body. Signs and histopathology closely resembled
those seen in inbred strain 129 mice with dystrophia muscularis, a hereditary
myopathy deseribed by MicHELSON et al. (1955).

These definite, if irregular, signs of retardation are reflected by pathological
changes, first reported by TrAUB (1936b) more than 30 years ago. Enlarged
spleens, interstitial inflammation of the lungs and livers, and hyperplasia of the
reticuloendothelial system were irregular findings. However, seven of seven mice
had kidney lesions which ranged from small inflamed areas to marked interstitial
nephritis. (Traub did not specify at what time during their ontogenesis these mice
had made contact with the virus; it may be inferred that at least some were con-
genital carriers.) In later studies, TRAUB and KEsTiNG (1963) observed enlarged
lymph nodes and spleens in congenital carriers after the third week of their life.
A subacute glomerular nephritis, though not of the interstitial type, was also noted
by WiLsNack and Rowg (1964) in mice from an established carrier colony. In
his first report on established carrier mice, MimMs (1966) had emphasized that
“pathological changes are almost absent”’. Later, however, he observed severe
anemia, glomerulonephritis, and liver infiltrates in many of these animals (M1ms,
personal communication).

PorLLaRD et al. (1968a; 1968b) described widespread lesions in brain and all
internal organs, notably the kidneys, of gnotobiotically raised mice older than
one month from an LCM virus carrier colony of long standing. In later life, some
of these mice had tumors in lymphoid organs and lungs (see Section 1V. B). In
tumor free animals, the thymuses were depleted of cortical thymocytes and the
medullary areas were swollen. Lymph nodes and spleens contained large germinal
zones and numerous plasma cells. The infiltrates in the visceral organs had become
extensive. The most characteristic changes in the kidneys were extensions of swol-
len cytoplasms of endothelial cells into the capillary lumina which were greatly
reduced. More recently, Pollard and his collaborators reported on an extension of
this work. PoLLaRD and SHARON (1969) found the organs of these germ free
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carrier mice free of lesions up to the age of four months although lymph nodes
and spleens were enlarged and had prominent germinal zones. With increasing
age, immuno-proliferative changes became extensive. Numerous plasma cells,
many of which contained Russell bodies, accumulated in the organs. In the viscera
perivascular lymphoid infiltrations were so extensive as to replace portions of the
parenchyma. Lymphoma-like changes were noted in some of the mice (see Section
IV. B). In 2 of 20 “apparently healthy” mice and in an additional animal which
had died at the age of three months, Kajima and PoLLArRD (1969) detected mild
to severe degenerative vascular alterations indicating the presence of necrotizing
arteritis of small and medium sized arteries and arterioles in various tissues,
especially in kidneys and spleens. In fully developed lesions complete obliteration
was associated with extensive fibrinoid necrosis of the entire thickness of the vessel
wall which extended occasionally beyond the adventitia. Varying numbers of
nuclei, nuclear debris, and erythrocytes were embedded in large PAS positive
eosinophilic fibrinoid masses which, on occasion, showed a lamellar pattern.

Undoubtedly, the changes as seen by Pollard and his colleagues are much
more severe than the ones seen by all other investigators. Since the mice came from
a carrier colony established 30 years ago, no uninfected animals from the same
origin were available for comparison, and control mice had to be taken from an
entirely different stock. It would have been preferable if a carrier colony had been
established anew by neonatal infection. In this case alterations in the first few
generations of congenitally LCM virus-infected mice could have been compared
with uninfected controls raised and maintained in parallel.

In conclusion, while the pathological signs differ quantitatively between neo-
natally and congenitally induced carriers, none are entirely free and hence neither
qualifies as a true example of latent infection.

As will be discussed later (see Section V. A. 5) virus was frequently found to
persist up to months in the organs or even the blood of mice infected after matura-
tion. Whether this is the rule is not known but seems doubtful. In contrast to
VoLKERT and HANNOVER LARSEN (1965¢) we shall not' consider such mice true
carriers.

A question of great practical importance is how a laboratory mouse colony may
be controlled for infestation with the LLCM virus. TRAUB (1935a; 1935b; 1936a)
had reported that persistent infections could be made clinically apparent by the
intracerebral inoculation of inert material such as bacteriological broth. This ob-
servation was confirmed by FINDLAY ef al. (1936) and LEPINE and SAUTTER (1936).
In spite of the fact that TRAUB (1936 ¢) soon withdrew his statement, intracerebral
provocation for the detection of the LCM virus carrier state has become a widely
recommended procedure (DINGLE, 1941; MAURER, 1958; 1964; TruM and Rour-
LEDGE, 1967).

| It is no longer possible to find out why in early reports nonspecific irritation of
the brain should have led to overt disease. TrRAUB (1936 ¢) thought that these mice
were in the process of undergoing a contact infection and that the damage of the
brain merely precipitated the clinical signs. Horcain and Cinits (1958 ; HoTcHIN,
1958) provoked cerebral signs by injection of broth two to six days after an intrape-
ritoneal infection, but LEPINE ef al.(1937 a) never induced a typical disease in mice by
intracerebral inoculation of broth after peripheral infection, and LEHMANN-GRUBE
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(1964 a) did not see typical LCM signs develop in mice infected intraperitoneally and
inoculated at the same time intracerebrally with 0.03 ml of gelatin saline. Whatever
the reason, it is to be stressed emphatically that there is no known way to induce an
acute LCM disease in a carrier mouse (HoTcHIN and CINITS, 1958 ; HOTCHIN, 1958;
WILsSNACK, 1966 ; PETERSON and MARSUDOVA, 1969; HANNOVER LARSEN, personal
communication; LEEMANN-GRUBE, unpublished), with the possible exception of
the injection of endotoxin which was found by Horcrin (1962a) to cause typical
LCM disease in neonatal carriers when ten months but not when five weeks old.
Infection of neonatal carriers with E. coccoides had insignificant consequences
(HorcHIN, 1965). M1Ms and SUBRAHMANYAN (1966) tried, without success, to alter
the pattern of immunofluorescence in mature carrier mice by various stimuli, such
as inoculation of cortisone or endotoxin, exposure to cold, starvation, pregnancy.
The most simple way to check a mouse stock is by intracerebral inoculation of,
say, 1000 LDsg of a strain which is known to be 100 per cent lethal, e.g. the
E-350 strain of Armstrong. If all inoculated mice succumb, the colony may be
regarded free. Otherwise, organ homogenates are inoculated into virus free
mice. If typical signs develop five or more days later, the causative agent is
identified serologically by standard procedures (SMADEL and Warr, 1941).

4. Pathogenesis
a) Multiplication and Distribution of the Virus

The multiplication of the LCM virus in the mouse and its distribution through-
out the body have been frequently described (LEPINE and SAUTTER, 1936 ; RIVERS
and ScorT, 1936a; TRAUB, 19364 ; LEPINE ¢t al., 1937a; YAMADA, 1940a; MILZER,
1942; Haas, 1954 ; Rowg, 1954; TRAUB, 1960b; SEAMER et al., 1963 ; LEHMANN-
GRUBE, 1964a; GLADKIJ, 1965). According to Haas (1954), Rowe (1954), and
TrAUB (1961a), the intracerebral inoculation is followed by a marked eclipse. The
rates of intracerebral multiplication are rather uniform and do not vary between
strains as different as E-350 and WE (see Fig. 7). Haas (1954) removed brains
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after infection and kept them at 36° C in saline or mouse serum. No eclipse
occurred and the infectivity decreased slowly, which is what one would expect if,
after intracerebral inoculation, the LCM virus multiplied predominantly in nerve
cells which may be expected to lose their viability quickly under such conditions.

Many LCM virus strains multiply well in tissues other than the central nervous
system. Indeed, some of them reach higher titers in livers or spleens than in brains.
SHWARTZMAN (1946) determined the ability of strains WE, FA, and WWS after
many serial intracerebral passages in mice or intracerebral and subcutaneous
passages in guinea-pigs (mouse or guinea-pig substrains, respectively) to multiply
in the organs of the mouse. After the intracerebral inoculatvion, all substrains
multiplied well in the brain, but only those which had been passaged in guinea-
pigs reached high concentrations in liver, spleen, and lungs and lower ones in the
blood. In contrast, the mouse substrains did not make their appearance in the
blood and were found irregularly in the viscera. After the intraperitoneal inocula-
tion no significant differences were found among the strains. Shwartzman failed
to detect any of the substrains — which included WE — in the brain after the
intraperitoneal administration. This contrasts with my own data which show that
the WE virus appeared in the mouse brain and multiplied there to a high titer after
intraperitoneal infection (LEEMANN-GRUBE, 1964 a).

RemMEzZOV and TorpLENINOVA (1961) determined immunofluorescing antigen in
brains and spleens. In the former, it appeared 24 hours after intracerebral or intra-
nasal infection, either focally or in single cells, with increase in the following days.
After subcutaneous infection, it made its appearance in the brain after three to five
days. In the spleen, first immunofluorescing antigen was detected three, one, and
four days after intracerebral, subcutaneous, and intranasal infections, respectively.

WiLsnack and RowE (1964) infected mice intracerebrally with the CA 1371
strain and found immunofluorescence as early as 24 hours later in meninges,
choroid plexus, and ependyma but — significantly — never in neurones. After
the intraperitoneal infection with strainWCP, immunofluorescing antigen appeared
after 72 hours in liver parenchyma, bronchi, alveolar cells, and in the reticular
cells of the red pulp of the spleen. Little antigen was detected in the kidneys and
none in the brain. BENDA et al. (1965) infected mice intracerebrally with the
WE strain and determined the pattern of intracerebral antigen distribution, as
detected by indirect immunofluorescence, which was essentially identical with that
reported by WILSNACK and RowE (see above). More recently, HRONOVSKY et al.
(1969) employing the direct method detected immunofluorescing antigen in a
certain number of neurones from the cortex of the WE strain-infected mouse
brain. The reason for these differences is unknown. Possibly, the direct method is
more sensitive.

A strain’s ability to multiply in the internal organs of a mouse is often taken
as evidence for its viscerotropic character; in contrast, strains which multiply
poorly in the periphery are regarded as neurotropic. We may ask whether a
classification of this kind serves a useful purpose. For example, the WE and E-350
strains are said to possess viscerotropic and neurotropic properties, respectively.
After the intraperitoneal inoculation, E-350 multiplied slower to lower titers in
livers and kidneys than WE (LEEMANN-GRUBE, unpublished); little E-350 virus
appeared for short periods of time in the brain, whereas the WE strain reached high
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intracerebral levels. Whatever the route of inoculation, a low viremia of short
dvuration was observed with B-350, whereas WE could be detected in the circula-
tion at high levels for long periods. In contrast, after intracerebral inoculation no
differences were observed (Fig. 7); both strains multiplied equally well in the brain
(LEHMANN-GRUBE, 1964a). We conclude that, if the WE strain is to be charac-
terized, invasiveness is the criterion which stands out, and, although it is descrip-
tive too, it has the advantage of not being misleading.

An important question is whether LCM virus is capable of multiplying in cells
belonging to the immune apparatus of the host, ¢.e., the lymphoid system. That
it may do so in lymph nodes was shown by Traus (1964) who followed the virus
multiplication in regional nodes after subcutaneous infection. Titers increased
rapidly, reached their maxima around the fifth day and declined thereafter.
HaNaokA ef al. (1969) followed the virus concentration in spleens, lymph nodes,
and thymuses of mice after intracerebral infection of the WE strain and found
steep increases with maxima around the fifth day ; serum titers were always lower.
Participation of lymphoid cells may be deduced from the observation reported by
Mims (1966) that many such cells in spleens, lymph nodes, and thymuses of mice
from an established carrier colony contained LCM-specific antigen as determined
by immunofluorescence. Later Mims and WAINWRIGHT (1968) mentioned that in
mice, infected after birth or after maturation, lymphoid cells contained immuno-
fluorescing antigen. By the same method, WiLsNack and RowE (1964) detected
antigen in “a few” lymphocytes in the white pulp of the spleen in intraperitoneally
infected weanling mice. Brown (1968) followed the distribution of antigen by
immunofluorescence after neonatal infection. A few circulating lymphoid cells
with specific fluorescence were first seen two days after infection. Their number
increased and was high on the fifth day. By the same method BARATAWIDIAJA
et al. (1965) saw viral antigen in “leucocytes’ of mice from the seventh day after
infection until death. On the ninth day the buffy coat was found to be infectious.

Whereas these observations seem to indicate that at least some lymphoid ele-
ments become infected and produce detectable amounts of immunofluorescing
antigen, experiments performed in vitro have failed to prove that such cells are
infectable. SCHWENK, SLENCZKA, and LEHMANN-GRUBE (to be published) sepa-
rated circulating lymphocytes from mouse blood by means of a glass bead column
according to RaBiNowITz (1964) and brought them into contact with LCM virus,
strains WE or E-350. Although the cells could be shown by dye exclusion tests to
have retained their viability, they neither became immunofluorescence positive
nor produced infectious progeny in up to five days. In contrast, after trans-
formation by phytohemagglutinin, virus was readily made which may be
regarded as further proof that these cells were functionally intact. Furthermore,
the virus content of lymphocytes separated from the blood of persistently LCM
virus-infected mice was so low [ca 103 IDjo (mouse) per cell] as to exclude the
possibility that these cells might have participated in the replication of the virus.
Finally, peripheral lymphocytes from carrier mice were readily stimulated by
phytohemagglutinin as detected by both morphological transformation and
increased incorporation of tritium-labeled thymidine. It may be mentioned in
passing that this latter finding reveals a probably profound difference between the
persistent infection of the mouse with LCM virus and the prolonged infection of
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human babies born with the rubella syndrome where the peripheral lymphocytes
exhibit marked functional abnormalities (OLSON et al., 1968). Thus, the answer
to the question whether potential immune cells of the mouse participate in the
infectious process may not be given with confidence and has to be deferred until
more information has become known.

In the case of macrophages the situation is clearer. SEAMER (1965b) infected
mouse macrophage cultures and found that both the WHI and the UBC (= WE)
strains multiplied to high titers without cytopathic effects. MimMs and SUBRAH-
MANYAN (1966) detected immunofluorescence in 95 per cent of mouse macrophages
infected ¢n vitro with the WE virus. These observations were confirmed in this
laboratory by SCHWENK et al. (to be published). There is no reason to assume that
macrophages in the mouse should behave differently. This supposition is
strengthened by the finding of GLEDHILL et al. (1965) that infection of the mouse
with the WE strain of LCM virus led to depression of the phagocytic activity which
was assayed by measuring the clearance rate of carbon particles from the circula-
tion. As compared with virulent mouse hepatitis “3” and ectromelia viruses the
depression was moderate.

b) Pathogenetic Mechanisms

The prominent feature of the interaction between LCM virus and the mouse is
that intracerebral inoculation of the adult mouse with the virusis followed by overt
disease and death, while the introduction of the virus before or soon after birth
leads to a virtually nonpathogenic lifelong carrier state. The immunological signifi-
cance of this apparent paradox was recognized by BUrRNET and FENNER (1949)
who postulated that the virus becomes part of the animal’s antigenic composition
when introduced during immunological immaturity, being treated as “self”, i.e.
as nonantigenic, thereafter. This concept implies that the virus itself is quite
harmless for the mouse (BURNET, 1955) whose fate is determined solely by an
interaction between the virus as antigen and the host’s immune mechanisms.
Accordingly, the overt disease following the intracerebral inoculation is seen to
result from an immunological conflict (HorcHin, 1958 ; HorcHIN and CINITS, 1958)
and the carrier state is made possible by a specific immunological hyporesponsive-
ness known as immunological tolerance. Additional manifestations of the interaction
between virus and mouse are the subclinical course which often follows peripheral
infection and the late-onset disease which may appear late in the life of a persist-
ently infected mouse. Since the nonpathogenicity for the host cell may be regarded
an essential prerequisite for the immunological events to take their course, this
aspect will be discussed first.

Ideally, the congenital infection of the mouse with LCM virus may be expected
to be latent. This, however, is not the case; pathology does develop (see Section
V. A. 3). The question then is, whether these signs are due to direct effects of the
virus upon the infected cells and tissues, or whether they represent an abortive
immunological conflict in an animal whose immunologic response is specifically
reduced. In the mouse cellular events are inevitably confounded with the complex
response on the part of the whole animal, be this immunological or otherwise.
Therefore, an ¢n vitro model was sought and was found in Earle’s L cells (LEH-
MANN-GRUBE, 1967a; LEHMANN-GRURBE et al., 1969; see Section ITI. C). After
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infection, L cells and virus attained an equilibrium whereby the cells were morpho-
logically and functionally not distinguishable from the noninfected controls
although continuously producing virus. In his review on viral carrier states in cells
in vitro, WALKER (1964) singled out four different types of carrier cultures:
(I) infections of genetically resistant cells; (II) infections of genetically susceptible
cells protected by antiviral factors in the medium; (III) infections of genetically
susceptible cells protected by interference and interferon ; (IV) regulated infections.

According to Walker, regulated infections of cells in culture have the following
characteristics: (1) antibody or other antiviral factors need not be supplied in the
culture medium in order to maintain an equilibrium; (2) the culture is not cured
by addition of antiserum to the medium; (3) the culture is resistant to superinfec-
tion by the infecting virus and may show some resistance to related and little or no
resistance to unrelated viruses; (4) all or most of the cells are infected when the
culture is stable; (5) single infected cells divide and grow into colonies, most of
which are infected. By comparing these criteria with our experimental results
(see Section I1L. C), it is apparent that the LCM virus-L cell carrier cultures belong
in this category.

The term “regulated infections of cells in culture” stresses the role the cell plays
in maintaining the equilibrium. FERNANDES et al. (1964) have characterized the
persistent infection of rabbit endothelium cells with rabies virus as “endo-
symbiosis” which places the emphasis on the mutuality of the virus-cell relation-
ship. For our understanding of the phenomenon, this approach of thought appears
to be essential. The virus must contribute to this coexistence by not introducing
the information for either a block of cell-directed metabolism or the destruction
of the infected cell, as is known for many other viruses. The cell, on the other
hand, must exert a regulatory control on the synthesis of viral material. Specula-
tions as to the underlying mechanisms are hardly justified with the present knowl-
edge. One even cannot be quite certain that the part of the metabolism of LCM
virus-infected cells which is directed towards the cells’ own functioning is unaltered
in the mouse, as it appears to be the case in L cells. What may be true in transform-
ed cells in vitro, may be altogether different with highly differentiated parenchyma
cells 4n vivo. However, at the present time there is no cogent reason to deny the
applicability of the knowledge gained in vitro to the situation pertaining to the
mouse and, hence, we may conclude that the infection of the cell in the animal
is likewise self-regulated, being nonpathogenic by itself, and that the pathological
signs in neonatally as well as congenitally infected mice are caused indirectly by,
probably, the host’s immune response to the virus infection (see below).

There is one observation which does not fit into our notion that the virus itself
is essentially harmless for the cells it has invaded. Before an equilibrium is attained,
some cells infected persistently in vitro go through an initial stage of morphological
and functional alterations (see Section III. C). In order to answer the obvious
question, whether this applies also to mouse cells in vivo, the following experiment
was performed (LEBMANN-GRUBE, unpublished) which was based on the assump-
tion that no allergic reactions would interfere during the first days of life in neo-
natally infected mice. Litters of outbred laboratory mice were brought to equal
size, t.e. eight animals each. (No litter was included which lost more than one
member during the observation period.) The mice were inoculated intraperitoneal-
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ly when less than 24 hours old with 10,000 IDs (titrated intracerebrally in weaned
mice) of virus, strains E-350 or WE, and their growth was followed by weighing,
usually twice daily. From Figure 8 it is obvious that the rate of growth was not
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Fig. 8. Growth (as determined by weight measurements) of mice infected with LCM virus when less than 24 hours
old. Differently shaped symbols represent different litters and bars denote infectivity (mouse IDso) per gram of
tissues

affected at all by the virus infection for at least five days. The visual impression is
confirmed by the results from a mathematical analysis. The regression coefficients,
weight (gram) on time (hour) after infection, are 0.017, 0.019, and 0.015 for strains
WE- and Armstrong-infected and normal mice, respectively. Thus, we may con-
clude that the early cytopathic effect in carrier cultures is a peculiarity of some
persistently infected cultivated cells and has no analogy in vivo.

After having shown that the virus is harmless for the cell it has invaded, the
question has to be asked, why is it not eliminated by the host’s immune
mechanisms ? The answer is that the host is incapable of doing so because it has
acquired a state of immunological tolerance to the virus (BURNET and FENNER,
1949 ; HorcHIN, 1961 ; VOLKERT, 1965; VOLKERT and HANNOVER LARSEN, 1965¢;
HaxNovER LARSEN, 1968a).

Immunological tolerance (BiLLiNGHAM ef al., 1953 ; 1955/56) has been extensive-
ly described and its biological significance discussed recently by DrESSER and
Mircuison (1968) and HraBa (1968). The main characteristics are as follows: it is
a “‘state of indifference or nonreactivity towards a substance that would normally
be expected to excite an immunological response” (MEDAWAR, 1961); the host is
altered and not the antigen; tolerance is specifically directed towards the antigen
which has induced it; it is systemic; it is central in the sense that the immuno-
logically competent cell is affected. Of these criteria, the first three have been
shown experimentally to apply to the LCM virus-mouse system.

It was clearly demonstrated by TraUB and ScHAFER (1939) and has been con-
firmed many times since that carrier mice, besides their inability to eliminate the
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virus, have reduced ability to form antibody. VOLKERT et al. (1964) demonstrated
that the virus from carriers was neither physically nor immunologically diffe-
rent from the usual mouse to mouse passage virus, thereby ruling out the hypo-
thesis put forward by HErrTOTT (1961) that the nonresponsiveness in LCM virus
carrier mice is due to the appearance of naked nucleic acids rather than of com-
plete virions. LCM virus carrier mice were found fully capable of responding
immunologically to other unrelated viruses, e.g. eastern equine encephalomyelitis
(TraUB, 1961b). Mims and WaINwRIGHT (1968) presented evidence that such
mice reacted normally to sheep red cells as measured by hemagglutinin produc-
tion and the development of spleen cells which give rise to hemolyzing plaques in
agar. LEHMANN-GRUBE and NIEMEYER (unpublished) transferred skin grafts from
normal AKR mice onto CBA mice which had been made LCM virus carriers by
neonatal infection. The graft survival vimes in ten recipients ranged from eight to
ten days with a mean of 9.6 days as compared with 9.4 days in nine uninfected
control mice. In a second series, skin from CBA/Ca mice was transplanted to
13 AKR recipients born of mothers infected neonatally with LCM virus (first
generation carriers). The grafts survived with an average of 10.1 days, whereas
14 control grafts were rejected with an average survival time of 11.4 days. Thus,
ample evidence may be cited supporting the contention that mice, persistently
infected with LCM virus, respond normally to antigens other than those of viral
origin.

Adoptive immunization (MITcHISON, 1953; 1954) is known to terminate toler-
ance (BILLINGHAM et al., 1953 ; 1955/56). In the case of LCM virus carrier mice this
has been studied extensively by Volkert and Hannover Larsen. After the in-
oculation of lymph node and spleen cells from LCM-immune AKR donors into
AKR recipients, which had been made carriers by neonatal infection, the virus
concentration in the blood, which normally varied between 104-7 and 1088 LDsg
per ml, was reduced by more than 1000-fold, reaching lowest levels six weeks after
transplantation. At least 50 times 106 cells were needed for optimal effects, but
even with smaller numbers virus titers dropped significantly although later and
less regularly. Cells from nonimmunized donors irregularly caused some virus
reduction. No effects on viremia were obtained when donor cells had been frozen
once or when they came from allogeneic (C3H) donors. Nor was the virus level in
the carriers reduced by plasma from hyperimmunized syngeneic donors. The cells
functioned equally well when given intravenously or intraperitoneally (VOLKERT,
1962; 1963).

VoLKERT (1963) having worked with AKR mice had emphasized that sex differ-
ences between donors and recipients did not noticeably influence the results, but
recently HANNOVER LARSEN (personal communication) — using C3H mice —
demonstrated that male to female transplantation led only to a temporary aboli-
tion of persistent infection; viremia returned after about four weeks and antibody
levels slowly fell. .

Cells from the buffy coat of the blood from immune mice likewise suppressed
viremia and induced antibody, although significantly less vigorously than spleen
and lymph node cells. Up to 108 thymus cells and 107 peritoneal exudate cells, con-
sisting of 90 per cent macrophages, had only slight effects (HANNOVER LARSEN,
personal communication).



Virus and Macroorganism 49

The low levels of virus titer in carrier recipients were found to be permanent.
After the transplantation of excessively high numbers of cells, blood and most
organs were found to be entirely free of infectivity. Traces, however, were always
detected, particularly in the kidneys (VOLKERT and HaANNOVER LARSEN, 1964).
Since even in mice actively immunized by infection virus was detected many
months later (see Section V.A.5), the incomplete virus elimination in LCM-
immune mice is not unique for carriers which have acquired their immunity adop-
tively.

Marked guantitative differences were noted by VoLkERT and HANNOVER LaAR-
SEN (1965¢) between mouse strains. Under otherwise identical conditions both
virus reduction and appearance of antibody was faster and more pronounced in
C3H as compared with AKR mice.

Liymphoid cells from recipient carriers had little effect on other carriers when
sub-transplanted one day after primary inoculation. However, cells harvested one
week later effectively suppressed viremia in the new host. This quality of cells in
transplanted carriers remained unaltered for at least two months (VOLKERT ef al.,
1964). Large numbers of allogeneic immune cells, ¢. e. cells from other mouse strains,
depressed the virus titers for short periods only. Undoubtedly, the donor cells
were immunologically destroyed by the recipients, thereby preventing their
prolonged activity. Additional transplants from mice genetically different to the
first donor had no effect. Presumably, common antigens among the donors caused
an accelerated second-set response (VOLKERT and HANNOVER LARSEN, 1965b).
As many as eight times 108 immune lymphoid rat cells were without consequences
(HaAnNOoVER LARSEN, personal communication). These observations further
underline the specificity of the immunological suppression in LCM virus carrier
mice (see above). UpHOFF and Haas (1960) were not able to terminate the carrier
state in X-irradiated recipients by transfer of bone marrow from hyperimmunized
nonsyngeneic donors, which may be explained by the low immunologic capacity
of marrow cells and the use of a histoincompatible donor-recipient combination.
It is not clear why Horcuin (1965) did not succeed in demonstrating a depression
of viremia in persistently infected mice up to six weeks after an intravenous
inoculation of three times 107 lymphoid and thymus cells from histocompatible
LCM-immune donors.

A most interesting observation with adoptively immunized carrier mice is the
production of antibody with concentrations never seen in hyperimmunized mice
and, indeed, hardly ever seen in any host-antigen combination. Complement
fixation titers, which at best come to 256 after hyperimmunization, soared to al-
most 10,000 and neutralizing antibody, which appears in low concentrations
in infected mice (see Section V.A.5), reached indices of up to 10%4 In
contrast to the depression of virus, however, these antibodies slowly disappeared
(VoLKERT ef al., 1964). Passive transfer of large amounts of such high titered
antisera alone or in combination with transplantation of allogeneic immune cells
only incompletely and temporarily depressed the levels of viremia in the recipient
carriers (VOLKERT and HaANNOVER LARSEN, 1965b). Implantation into carrier
mice of Millipore chambers containing syngeneic immune lymphoid cells had
hardly any effect on virus titers, although neutralizing activities were much higher
than, and complement fixation activities about as high as, in mice free of virus
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due to active immunization (HANNOVER LARSEN, 1968a). These observations
indicate that the antibody is not responsible for the disappearance of virus (see
below). Since in mice not carrying the virus transplantation of syngeneic immune
lymphoid cells induced antibody in titers such as are seen after ordinary immuniza-
tion procedures, VOLKERT and HaNNOVER LARSEN (1965¢; HANNOVER LARSEN
and VOLKERT, 1967) explain the development of excessively high antibody levels
— fully confirmed by SLENCZKA and LEHMANN-GRUBE (unpublished) — as being
caused by the constant contact of the transplanted cells with high concentrations
of antigen in the carrier host. I favor another explanation. In essence, the same
observation was made by MOLLER (1968) who inoculated spleen cells from
mice immunized with sheep red blood cells into syngeneic X-irradiated recipients,
together with the antigen. The number of hemolytic plaque-forming cells recovered
from the recipients was much higher than in the hyperimmunized donors. Hemag-
glutinin and hemolysin titers were likewise increased. Since the number of anti-
body-producing cells was much lower when the recipients had been immunized
before irradiation or were given specific antibody passively, Mdller concluded
that the mechanism responsible for the excessive immune response in the immuno-
logically incapacitated recipient of the transplanted immunologically activated
cells plus antigen was absence of regulatory effects by early specific antibody. An
analogous mechanism may be held responsible for the high antibody titers in trans-
planted carrier mice. Certainly, this very interesting phenomenon deserves further
exploration.

An entirely different picture evolved when the persistently infected recipients
were transplanted with 108 to 10° cells from syngeneic nonimmune donors. Al-
though in a few mice virus concentrations were permanently reduced to trace
levels, in many the virus titers did not change at all, while in still others transient
drops occurred. Since antibody titers likewise showed variations, altogether five
patterns of response were distinguished, and we encounter here another example
of the already mentioned fact that antibody and virus concentrations in LCM
virus-infected mice vary independently of each other (HANNOVER LARSEN and
VOLKERT, 1967).

As the great number of infected house mice show (see Section X. A. 1), the LCM
virus carrier state is a natural phenomenon in mice. By way of contrast, this
cannot be said of the LCM disease, which may be expected to occur under natural
conditions only when a carrier infects a normal animal by contact. This, from the
behavior of M. musculus (FREYE and FREYE, 1960), undoubtedly is a rare event.
Lymphocytic choriomeningitis of the mouse is essentially an artificial disease
produced in the laboratory.

The concept that clinical signs and death in mice infected as adults are allergic
phenomena was first clearly stated by Horcuix and CiNits (1958; HOTCHIN,
1958). Reviews have been published by HorcHIN (1961; 1962a). It is a peculiar
but characteristic property of the LCM virus never to cause signs of disease in the
nonsensitized mouse before the fifth day after infection irrespective of the dose
inoculated, even though, after large inocula, maximum titers in the tissues might
have been reached as early as on the second day. It is to be stressed that the
characteristic convulsions in mice following the intracerebral inoculation are seen
also with other viruses, e.g. influenza (HENLE and HENLE, 1946). However, the
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sudden onset, nouv before the fifth day, in animals which had appeared to be quite
healthy a few hours previously is unique for the LCM virus. Histopathological
changes, likewise, were found to make their appearance long after maximum virus
concentrations had been reached (Rowe, 1954). These observations indicate that
indirect mechanisms are responsible for the development of pathology; their
immunological nature is strongly suggested by the early observation made by
TrAUB (1938b) and confirmed by Rowr (1954) that some time after an immuniz-
ing infection, 3.e. during a period of waning immunity, signs but usually not death
follow the intracerebral infection after a significantly reduced latent period, which
was interpreted by TRAUB (1938b; 1939a) as signifying an allergic state. Such
accelerated reactions could be elicited by TRAUB (1962a) as early as 46 days after
the immunizing subcutaneous infection. Rowr (1954) studied the pattern of
intracerebral infectivity in these mice after challenge. It was indistinguishable from
the one in control mice for three days. Thereafter, the titers declined more rapidly.
Moderate to severe meningitis was present as early as the second day (TRAUB,
1938b; Rowe, 1954). Of interest is Rowe’s finding that in the few animals which
demonstrated signs of an accelerated response for six or seven days the titers in
the brains had already markedly declined, indicating that the antigen responsible
for the immune conflict is not identical with the fully infectious virus.
Comparable in significance to the accelerated response is the shortening of the
latent period relative to the intracerebral inoculation by a prior peripheral
infection which, by itself, is of low pathogenicity (Haas, 1954; Rowg, 1954). This
phenomenon was confirmed and quantitatively elucidated by Seamer and his
colleagues (SEaMER and HorcHIN, 1961 ; SEAMER ef al., 1963) who used the UBC
(= WE) strain. Shortening of the latent period relative to the intracerebral inocu-
lation was not accompanied by an altered pattern of virus multiplication in the
brain. When the WHI strain was employed, peripheral sensitization was less
effective. The authors interpreted their results as indicating the development of
sensitivity to the virus, causing illness and death when coinciding with a high
virus concentration, especially in the brain. Haas (1954) found the latent period
to be shortened if intracerebral or intraperitoneal infection was followed by
repeated intraperitoneal inoculations. For this there exists no ready explanation;
possibly, the development of allergy was hastened under these circumstances.
The immunological responsiveness of the mouse matures quickly after birth,
and there is a limited time period during which a critical level of antigen must be
reached to block effectively the immunological apparatus. Thus, whether immuno-
logical tolerance or immunity, as defined here (see Section I. A), to the antigen
ensues will depend on the age of the animal and the rate of its immunological ma-
turation which is known to differ significantly between strains of mice (HECHTEL
et al., 1965; PLaYFaIR, 1968), as well as on the dose of the virus and its rate of
multiplication. Of these, only the age factor has been studied adequately. The early
finding by Traub that mice infected shortly after birth become carriers while
adults respond with disease or active immunity was later extended by HorcHiN
and Cinits (1958; Hotomin, 1958), HoTcHIN and WEIGAND (1960; 1961a),
TraUB (1960b), HoTcHIN et al. (1962), and PETERSON and MAKSUDOVA (1969) who
all showed that the ability to respond clinically to the infection was age dependent
and was established within a few days after birth. As Figure 9 shows, the curve

4*
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which relates age with proportion of mice surviving intracerebral inoculation
(LEEMANN-GRUBE, unpublished data) has a striking similarity with the curve
relating age with proportion of mice responding with tolerance following the

AGE OF MICE (DAYS) AT INOCULATION

Tig. 9. Relationship between age of mice at time of intracerebral infection with LCM virus, strain E-850, and death
rate in comparison with relationship between age of mice at inoculation of allogeneic spleen cells and occurrence of
immunological tolerance. Upper part of the figure from R. E. BririneaaMm and L. BrenT: Transplant. Bull. 4,
67 (1957). (With permission of the authors and of the Williams and Wilkins Co., Baltimore.)

intravenous inoculation of allogeneic spleen cells (BiLLin¢EAM and BrRENT, 1957),
lending further support to the idea that the LCM virus carrier state in mice
represents true immunological tolerance. In older mice, higher doses of the WE
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strain virus were found necessary to cause signs and deaths (LEEMANN-GRUBE
et al., 1960). It is not known whether old animals are less susceptible to the in-
fection or whether they are less prone to develop an immunological conflict.

An influence of the dose on the outcome of a neonatal infection was noted by
HorcHIN et al. (1962) who found large amounts of the UBC virus to be somewhat
more effective in inducing persistent infection in Albany albino mice than small
ones. A more pronounced effect was observed by LEHMANN-GRUBE (1964 b). The
proportion of Walter and Eliza Hall Institute mice, surviving the neonatal infec-
tion with strains Armstrong or WE, could be significantly increased by increasing
the dose. Whether this effect was only dose dependent may be questioned, how-
ever, because together with the amount of virus the route was changed from
intracerebral to intraperitoneal. No dose effect can be deduced from the data on
Table 4.

VoLkERT and Hax~ovir LarseN (1965a) studied the opposite, i.e. the effect
of low virus doses. After the intraperitoneal inoculation of one LDsp many new-
born mice became persistently infected without responding serologically. A few
had virus in their blood at concentrations as high as were found in typical carriers
but also produced antibody, as after active immunization of mature mice, attaining
complement fixation titers up to 256. Later all these animals lost the virus, but for
some time before this high virus titers coexisted with high antibody concentrations.
Apparently, in these mice sulficient antigen was not available initially to suppress
the quickly developing immunological apparatus of the host.

Neither the rate of immunological maturation of the mouse nor the rate of viral
multiplication have been studied in respect to their influence on the virulence of
LCM virus in newborn mice. From the above considerations it may be expected
that a virus which, under otherwise identical conditions, causes a high mortality
in newborn mice multiplies at a slower rate than a strain of low pathogenicity. This
conclusion may also be reached from the observation of HorcHIiN (1962a) thav a
concomitant inoculation of equal doses of two strains being of high and low
pathogenicities, respectively, induced persistent infection rather than LCM
disease in newborn mice.

Over the years a great variety of treatments have been shown to protect the
adult mouse from death due to LCM virus infection (Table 5). Their common
denominator is immunosuppression. None is specific in the sense that it inhibits
exclusively the immunological response and, with the exception of neonatal
thymectomy and treatment with antilymphocytic serum, none seems to act pref-
erentially on the humoral or the cell-mediated mechanisms (BERENBAUM, 1967;
GABRIELSEN and Goop, 1967).

The sparing effect of X-rays in LCM virus-infected mice is well documented.
Significantly, pretreatment with irradiation all but abolished the usual histo-
pathological alterations in infected mice (Rowx, 1954; 1956; SCHLEIFSTEIN and
Coruins, 1960; CorLLiNs ef al., 1961), although virus multiplication was not
affected (Rowze, 1954; 1956; HorcHIN and WEIGAND, 1961b) or even augmented
(Maxksubpova, 1967).

BENsoON et al. (1960; HorcHIN and WEIGaND, 1961Db) counted the leukocytes
after X-irradiation of LCM virus-infected and noninfected mice; the numbers
were depressed to the same extent in both groups. MARSUDOVA (1967) reported
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Table 5. Protection of Adult Mice from Disease due to Infection with the LOCM Virus

Treatment Reference

X.Irradiation Rowe (1954; 1956), HotrcHIN and CINITS
(1958), HorcHIN (1958), SCHLEIFSTEIN and
Corrins (1960), Horcmix and WEIGAND
(1961b), CoLrINS et al. (1961), MARKSUDOVA
(1967), HANNOVER LARSEN (1969¢)

Methotrexate (= Amethopterin) Hass and SteEwart (1956), Haas et al.
(1957Db), LErNER and Haas (1958), LEvVIT and
Haas (1958), Barrnow and HorcrIN (1961;
1963), SIDWELL et al. (1965), FURUsSAWA et al.
(1967), HANNOVER LARsSEN (1969¢)

Folic acid deficient diet Haas et al. (1957Db)

8-Azaguanine (= Guanazolo) Haas and STEwWART (1956)

5-Fluorouracil Levi and Haas (1958)

Chlorambucil (= Leukeran) BarrLow (1962)
1,3-Bis(2-chloroethyl)-1-nitrosourea SIDWELL et al. (1965)

Azaserine Levi and Haas (1958)
6-Diazo-5-oxo-nor-1-leucine (DON) Lrvi and Haas (1958)

Thymectomy of the newborn Rowe et al. (1963), LEVEY ef al. (1963), EasT

et al. (1964), HorcHiN and SikorA (1964),
Sirkora (1964), MoRr1 et al. (1964), FOLDES
et al. (1964; 1964/65; 1967), SzERI ef al.
(1966/67)

Antilymphocytic serum GLEDHILL (1967), HirscH et al. (1967; 1968),
Hirsce and MurpaY (1967; 1968), MIims
(1969), Mims and TosoLiNt (1969)

Graft versus host disease KoLray et al. (1968; 1969)

High virus dosis BeNeTsoN and WooLEey (1936), HorcHIN and
BeENsoN (1963), HANNOVER LARSEN (1967;
1968b), LEEMANN-GRUBE (1969b; 1969¢)

that with BALB/c mice the leukopenia following irradiation was even more
marked in virus-infected animals as compared with noninfected (irradiated only)
controls.

REeMEZOV and YakovLEvA (1960) assayed the levels of properdin in the sera of
mice after X-irradiation and LCM virus infection and found them to be reduced
and increased, respectively. When both measures were combined, lower than normal
concentrations were found after irradiations corresponding to 400 and 300 r, but
higher than normal concentrations after 200, 100, or 10r. Unexplained is the
observation of HorcHIN and CiNirs (1958) that mice died in convulsions when
intraperitoneal infection was preceded by X-rays.

The consequence of the injection of cortisone is more difficult to assess.
Usually, this hormone enhances susceptibility of mice to viruses, such as West Nile,
Ilheus, Bunyamwera (SovTHAM and BaBcock, 1951). HorcHIN and CiniTs (1958;
HorcHIN, 1958) observed extended survival times in LCM virus-infected mice
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treated with cortisone, but the controls died early from the drug alone. LEHMANN-
GRUBE (unpublished) saw no prophylactic effect from doses below those which
were highly toxic. HANNOVER LARSEN (1969c) treated mice with toxic doses of
cortisone and observed a slight though not significant effect. In the treated group,
25 out of 60 mice survived 14 days while among the controls 5 out of 20 survived.
Cortisone had no effect on duration of viremia and formation of antibody in intra-
peritoneally infected animals. Similar difficulties of interpretation were encoun-
tered by BARLow and HotcrIN (1961) who assayed the effects of 6-mercaptopurine
and nitrogen mustard. Colchicine in nontoxic doses was also tried but did not
exert protection.

Of further substances tested, the folic acid antagonist methotrexate (ameth-
opterin) seems to have some effect on LCM disease. HANNOVER LARSEN (1969¢)
found it to be superior to cortisone or X-irradiation, but according to other
authors, little protection is achieved (SIDWELL et al., 1965 ; FURUSAWA et al., 1967).
In other systems, too, the efficacy of this compound is limited (HuMPHREYS et al.,
1963 ; BERENBAUM, 1960). Its action could be reversed completely by citrovorum
factor (Haas et al., 1957b) but only partially by nucleic acid precursors, such as
adenine, guanine, orotic acid, thymine, cytidine, and uridylic acid (LEvy and
Haas, 1958). Again, in spite of prevention of disease, virus multiplication was not
inhibited (Haas and STEwWART, 1956; Haas et al., 1957b; LERNER and Haas,
1958; Barrow and Hotcuin, 1961). BarLow and Horcuin (1963) found that
timing of treatment relative to infection depended on dose of virus. For optimal
effects, peak of infectivity and maximum drug concentration must coincide. For
instance, in the brains of mice, infected intracerebrally with 108 LDsg, the highest
titers were reached after 48 hours; when infected with 102 LDj5, the samelevel was
obtained a further 24 hours later. Thus, mice infected with 106 or 102 LDj5q were
best protected when amethopterin was given 48—72 or 96 hours, respectively,
later. The histopathology in spared mice was ameliorated but not abolished
(LERNER and Haas, 1958).

Folic acid deficient diet, known to inhibit the formation of antibodies to various
antigens (AXELROD and PRUZANSKY, 1955), was shown to reduce death due to LCM
virus infection. Of the purine analogues, 8-azaguanine (guanazolo) and of the
pyrimidine analogues, 5-fluorouracil have been found active although less so than
amethopterin.

The alkylating agent chlorambucil (= leukeran) selectively reduces the num-
ber of lymphoeytes in the circulation. In contrast, myleran has little diminishing
power on the lymphocyte population but produces a fall in the neutrophils. The
two compounds together produce alterations which are very similar to those
produced by a single whole body X-irradiation (Erson, 1955). In view of the
marked effect of whole body irradiation on the LCM disease, it is of interest to
note that of these two substances only the lymphocyte-affecting chlorambucil and
not myleran protected LCM virus-infected mice. Chlorambucil acted in a two-fold
fashion (BarLow, 1962): (1) it spared a portion of the mice, although virus multi-
plied; (2} mice which died did so usually within 24 hours after drug administra-
tion, irrespective of time of intracerebral infection. While this latter result is not
understood, the prevention of LCM disease may be seen as another example of
effects due to immunosuppression. The compound 1,3-bis(2-chloroethyl)-1-nitro-
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sourea is in its action related to the alkylating agents. It significantly prolonged
the lives of infected mice but spared a significant number in one of many experi-
ments only; virus multiplication was unaffected (SIDWELL et al., 1965). The two
antibiotics, 6-diazo-5-oxo-nor-l-leucine (DON) and azaserine, both direct inhibi-
tors of enzyme activities (BERENBAUM, 1967), only moderately influenced LCM
disease in mice for the better (LEVY and Haas, 1958).

For our understanding of the role immunosuppression plays in preventing the
development of LOM disease, it is noteworthy that mice treated with X-rays,
amethopterin, azaserine, DON, or folic acid deficient diet, failed to eliminate at
the normal rate the virus after peripheral infection (Haas ef al., 1957a; LEVY and
Haas, 1958; HANNOVER LARSEN, 1969¢).

Removal of the thymus soon after birth considerably influences the course of
the LCM disease in the adult mouse. When mice, so treated, are infected
intracerebrally in later life, they are usually well protected. They respond with
virus-specific antibody, although multiplication of virus is not inhibited (Rows
et al., 1963 ; East et al., 1964 ; HorcHIN and SIKORA, 1964 ; SIRKORA, 1964 ; FOLDES
et al., 1964 ; 1964/65; 1967; SzERT et al., 1966/67). Brains of neonatally thymecto-
mized mice, which had survived intracerebral infection with LCM virus, were
essentially free of pathological alterations (RowE ef al., 1963 ; FOLDES et al., 1964;
1964/65). Again, after peripheral infection virus continued to multiply for
prolonged periods (MogI et al., 1964). The effects of neonatal thymectomy on the
pathogenicity of LCM virus could be partially reversed by intraperitoneal implan-
tation of diffusion chambers containing thymus tissue (LEVEY et al., 1963). This
was interpreted to mean that the thymus produced a humoral factor, a notion
which was further advanced in other studies (MILLER and OsoBa, 1967).

The events following the treatment of mice with antilymphocytic or anti-
thymocytic sera are, cum grano salis, identical with those after thymectomy. Mice
were protected against intracerebral infection although virus multiplied (GLEDHILL,
1967; Hirscu et al., 1967; 1968; HirscH and MurpHY, 1968). Complement-
fixing antibody appeared and histopathology was absent (HirscH et al., 1967;
1968). Upon discontinuation of serum treatment, characteristic LCM disease and
histopathology developed in many mice; infectious virus gradually disappeared
(HIrscH et al., 1967). Of 65 serum-treated mice, 12 developed severe wasting with
loss of weight, alopecia, facial edema, and stiff tail three to seven weeks after in-
fection. The other mice of this group appeared outwardly to be healthy, although
they were lighter than the controls most of which remained completely free of
signs. All protected mice developed glomerulonephritis with deposition of mouse
v-globulin in the glomerular tufts. In the wasted animals, the most prominent
findings were hyperplasia of reticular cells which infiltrated the tissues through-
out the body (HIrscH et al., 1968).

Mvs (1969) treated WE virus-infected pregnant mice with antilymphocytic
serum, thereby normalizing the gestation period and saving a few of the offspring
which, without treatment of the mother, would all have died. Thus, fetal death
probably resulted from an immunologic conflict, presumably in the mother.

Inasmuch as the graft versus host reaction is accompanied by marked
immunodepression (KoLTAY et al., 1965), the altered LCM disease in such animals
may be considered related to the sparing effects of other immunosuppressive
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treatments such as have been discussed above. KoLTAY et al. (1968) inoculated
(C 57 BL x CBA)F; hybrids intravenously with spleen cells from adult C57 BL
donors, which resulted in loss of weight, reduction of lymphocytes, and early death.
Seven days after the transplantation, 300 LDsg of LCM virus were inoculated intra-
cerebrally. While control mice were dead within eight days, transplanted
animals lived up to 44 days with few exhibiting neurological signs typical of LCM;
most died with runting. Later, KorTay et al. (1969) described the histopathology
in these mice. In 12 (C57BL x CBA)F; hybrids with marked graft versus host
disease due to the inoculation of C57 BL spleen cells which had received 300 LDsp
of LCM virus typical graft versus host histology was found, but neither neuro-
logical signs nor meningeal alterations characteristic of infection with the LCM
virus were present. In these animals “‘a virus carrier state could be demonstrated”
(no details). In another group of 13 animals with less marked clinical or histological
evidence of graft versus host reaction, ““a peculiar leukocytic meningoencephalitis”
was found, the nature of which remained uncertain. Two further mice which had
failed to develop a graft versus host reaction exhibited signs typical of LCM.

Neither illness nor histopathology of the brain due to inoculation of 100 LDsg
of LCM virus was altered in strain A inbred mice by intraperitoneal treatment with
phytohemagglutinin. It was concluded that phytohemagglutinin does not possess
immunosuppressive properties in mice (BANOS et al., 1969).

Those who work with LCM viruses are well aware of the fact that at high doses
often more mice survive the intracerebral inoculation than at lower ones. To my
knowledge, this phenomenon was first described by BEngTsoN and WooLEY (1936)
who, aptly, called it a “pre-zone”. Although a nuisance for the titration of
the virus (see Section XI. A. 1), this high zone inhibition (see Fig. 10) is of con-
siderable theoretical interest. In spite of multiplication of the virus to high titers
these mice survive. HorcHIN and BeNson (1963) suggested that the ‘high
dose inhibitory phenomenon” — later called “high dose immune paralysis”
(HaNAORA et al., 1969) — was caused by development of immunological tolerance
to the virus. It should be stressed, however, that persistent infection of long
duration does not ensue. LEEMANN-GRUBE (1969 b) searched for infectivity in the
brains of mice which had survived 108-7 or 102-7 IDjo (mouse) of WE virus;
80 days after intracerebral challenge with 103 ID5g of Armstrong virus, the central
nervous systems of five of altogether 26 mice were free from infectivity; most of
the remaining mice had little virus, ¢.e. ten IDsg or less, per brain.

An interesting contribution concerning this phenomenon has come from
HanaoRA et al. (1969). After the intracerebral inoculation of 1000 LDso of the
WE strain virus, changes of the lymphoid organs developed which were inter-
preted as being due to selective destruction of the thymus-dependent lympho-
cytes. The authors inferred that the high dose survival was caused by a reduction
of the intensity of the cellular immune response being in principle identical to
survival with persistent infection after neonatal thymectomy or treatment with
antilymphocytic serum. There are several reasons why this hypothesis does not
satisfy, of which the following is most obvious. Two substrains of WE were used,
one passaged eight times in the mouse brain (called ‘“‘neurotropic’) the other
passaged six times in the brain followed by eleven passages in the mouse liver
(called ‘“‘viscerotropic”). Only the latter caused a persistent infection with survival
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at high doses; the former was 100 per cent lethal with the same inocula.
According to the above hypothesis, one would have expected differences between
these strains in their effects on the lymphoid organs. In fact, these were all but
absent. Neither histopathology nor weight measurements revealed significant
dissimilarities; only the degrees of viremia differed with the substrains used, being
lower in the case of the brain-passaged variant.

Experimental proof that the thymus-dependent lymphocytes are not selec-
tively destroyed in these mice has been obtained by LEHMANN-GRUBE and RarF
(details to be published). LCM virus, strain WE, was passaged 11 times in the
abdominal organs (liver, spleen, kidneys) of mice and 1000 ID;, (mouse) were

RELATIVE DOSE (LOG1O)

Yig. 10. Dose-response relationship of LCM virus, strain WE, in mice. From F. Leaman~-Grusg: J. Hyg. (Lond.
67, 269 (1969). (With permission of Cambridge University Press, London.)

inoculated intracerebrally into outbred albino mice or inbred CBA mice. In
repeated experiments and at various intervals after infection, theta antigen-
bearing cells of spleens were enumerated on the basis of their selective destruction
by anti-theta antiserum raised in AKR mice (Ra¥F, 1969). In no case was the pro-
portion of theta positive cells reduced. On the contrary, most assays revealed
relative increases of their numbers, indicating that cells other than T-cells were
predominantly affected.

It is known that not all strains of LLCM virus exhibit this high dose survival.
For instance, the classical strain E-350 of Armstrong causes 100 per cent lethality
with highest inocula (LEEMANN-GRUBE, 1969b). No explanation is at hand and
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speculations are possible but with our present knowledge unrewarding. It should
be mentioned that high dose survivors are unlike neonatal carriers in at least one
important aspect; adult mice, surviving intracerebral injection of large amounts
of virus, do not exhibit the characteristic renal histopathology (BAkER, 1969) of
mice made carriers by neonatal infection. Possibly, this is related to the fact that
high dose survivors produce significantly more antibody than do neonatal carriers
(BENsoN and HorcHIN, 1969).

HANNOVER LARSEN (1967; 1968b) induced persistent infection in adult mice
by intraperitoneal inoculation of the virus. Repeated injections of excessive
amounts of virus were required, contrasting with the experience just related. The
cause of this difference — which could be sought in route of inoculation, virus
strain, mouse strain — is unknown. The viremia found in a few normal mice
which survived prolonged parabiotic union with carriers (HoTcuin, 1965) may
represent a further example of induction of persistent infection in adult mice.

Lu~NpsTEDT and VOLKERT (1967) demonstrated that induction of long-lasting
persistence of the virus after intraperitoneal infection was facilitated if the mice
were treated with rabbit anti-mouse lymphocytic serum. Complement-fixing anti-
body appeared in some of these mice but only for short periods. It is noteworthy
that two rabbit control sera also prolonged viremia and delayed antibody response
although to a lesser extent.

All the examples cited above, where freedom from clinical signs in spite of un-
impeded virus multiplication was achieved, may be best interpreted as being due to
immunological tolerance — with or without prior general immunosuppression —
although in a restricted sense. In contrast to neonatal or congenital carriers which,
at the most, produce traces of antibody and, as a rule, maintain constant virus
levels until death, significant concentrations of antibody were detected in the blood
of the majority of these mice and most of them eliminated the virus after delays.
There was never a consistent correlation between elimination of virus and concen-
tration of circulating antibody, and we note again that these seem to have no
causal relationship with each other. Undoubtedly these mice were only partially
tolerant, for, besides producing specific antibody, they had retained some of their
ability to reject the virus, though slowly.

If the disease in adult mice which follows an intracerebral infection is the
result of an immune response to the virus, one would expect that the injection of
LCM-immune lymphoid cells to a carrier should result in convulsions and death of
the recipient. This, however, is not the case. In hundreds of such transfers,
neither Volkert (VOLKERT et al., 1964; VoLkERT and HANNOVER LARSEN, 1965¢)
nor LEEMANN-GRUBE and SLENCzKA (unpublished) have ever noticed anything
which would resemble the LCM disease. HorcuIN (1959) did see convulsions in two
of six carriers in consequence of the transfer of lymph nodes from convalescent
donors, but this was not confirmed later (Horoutw, 1962a; 1965). More recently,
LunpsTeEDT (1969b) reported that a few C3H carrier mice developed hypokinesia,
conjunctivitis, and ruffled fur 10 to 30 days after they had received an intra-
peritoneal injection of lymphoid cells from LCM-immune C3H donors. Since this
observation contrasted markedly with ‘“hundreds of adoptive immunizations car-
ried out in this laboratory”, the significance of the finding was questioned.
Apparently, for clinical signs to develop, both antigen and immune response must
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be in a critical functional or quantitative relationship to each other, which is
usually not attained after inoculation of immunologically prepared cells. I cannot
agree with Volkert and his colleagues (VOLKERT ef al., 1964; VOLKERT, 1965;
VoLKERT and HANNOVER LARSEN, 1965¢) who maintain that lack of signs
following the inoculation of immunologically activated cells speaks against the
assumption that an allergic reaction causes the LCM illness in mice.

Before the possible mechanisms of the virus-induced immunological conflict
can be discussed, we have to answer the question, what antigens are involved in
the development of specific tolerance or responsiveness? Persistence of virus and
lack of antibody leave no doubt that in established LCM virus carrier mice im-
munological tolerance is directed towards the virus. This, however, does not
necessarily imply that the viral antigens are also the cause for the allergic
reactions in the adult mouse. Other possibilities have to be considered
(Table 6). New antigens may develop comparable to the ones which appear on

Table 6. Hypothetical New Antigens in LOM Virus-Infected Mice which may be
Responsible for Pathologic Immune Phenomena or Tolerance

I. Cell-associated II. Soluble

1. Coded by virus 1. Coded by virus
a) Viral (structure) a) Viral (e.g. capsomers,
b) Cellular (e.g. transplantation, s-Antigen)

cytotoxicity) b) Cellular

2. Coded by cell 2. Coded by cell
c) Alteration c) Alteration
d) Induction d) Induction
e) Demasking e) Demasking

virus-induced tumor cells (HABEL, 1967) and possibly on other virus-infected
nontransformed cells (WIKTOR et al., 1968). The antigens may be part of the cells
appearing after alteration, induction, or unmasking in consequence of the virus
infection. If this is the case, the immunological conflict in LCM virus-infected mice
could be regarded as an example of an auto-immune disease. The possibility has
also to be considered that the antigens are present in a soluble form, precipitating
an anaphylactic shock by forming antigen-antibody complexes much in the same
way as it is known to occur with other soluble antigens (WEISER et al., 1941;
Toxkupa and WEISER, 1958). The available evidence, though only circumstantial,
favors the assumption that new antigens appearing on LCM virus-infected cells
may be held responsible and that they are of viral origin as exemplified by measles
virus-infected HeLa (MANNWEILER and SMERDEL, 1968) and mumps virus-
infected human conjunctiva cells (SPEEL et al., 1968).

LEEMANN-GRUBE (unpublished) did not observe cytolysis of LCM virus-infected
cells in vitro after the addition of viral antisera with or without complement, and
LEAMANN-GRUBE ef al. (1969) were not able to detect new antigens on cells, per-
sistently infected with LCM virus, by means of cytotoxic antibody in sera of im-
munized mice. (Since these experiments were done at a time when the carried virus
had changed its properties, it cannot be excluded that cells releasing fully infec-
tious virus might have responded differently.) Horcain (1962a) claimed to have
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obtained eytolysis in witro of cells from testes of persistently LCM virus-infected
mice by spleen lymphocytes of normal or LCM-immune mice. Experiments
performed by Brxsox (1963b) would indicate that such results are of little
meaning for our question. She found that LCM-immune spleen cells caused about
equal destruction of both normal and LCM virus-infected mouse testis cells;
spleen cells from nonimmunized donors caused this effect, again in both types of
target cells, to a lesser degree. With lymphoid cells from LCM-immune mice,
LunpsTEpT (19692a) demonstrated some cytotoxic activity against LCM virus-
infected L cells. Unfortunately, his dava are not as consistent as one would like
them to be for the drawing of definite conclusions. OLDSTONE et al. (1969) observed
cytopathologic alterations of LCM virus-infected mouse embryo cells when they
were brought into contact with LCM-specific antibody plus complement or with
splenocytes from LCM-immune mice without complement (no details).

More recently, the search for antigens which are responsible for immunological
responsiveness or paralysis has taken on a new dimension by the observation of
Holtermann and Majde and, independently, of Lehmann-Grube that LCM virus
carrier mice have acquired new histocompatibility antigens. The experimental
evidence is as follows. HoLTERMANN and MaJpE (1969) transferred skin grafts
from SWR neonatal carriers onto normal recipients. Rejection, commencing on the
tenth day and proceeding to completeness by day 14, occurred in 13 of 13 trials.
Second-set responses were seen when transplantation was repeated. The results
obtained by myself were similar, although differences were noted. First attempts
were made with transplants from carrier mice grafted onto normal syngeneic reci-
pients. Of 18 such mice (ten C3H and eight AKR) 15 died with loss of weight,
hunched back, and conjunctivitis between days 5 and 14. Two more C3H mice were
killed when moribund on days 22 and 38. In all these mice evaluation of the grafts
was uncertain. A single AKR recipient was only temporarily ill. Its graft from a
zero generation syngeneic carrier mouse became hemorrhagic on the tenth day.
Three more normal AKR mice which had received intraperitoneally five times 107
spleen cells from AKR carriers died between days 10 and 17.

Initially it was suspected that these mice suffered from the dual stress of a
peripheral LCM virus infection combined with the trauma of transplantation.
This, however, could be ruled out when it was found that mice, which had received
allogeneic grafts before, together with, or after intraperitoneal virus infections,
almost always remained outwardly healthy. Since LCM-immune mice never died
or showed signs when transplanted with syngeneic carrier grafts, recipients of
skin grafts were made immune by a subcutaneous virus infection followed, two
weeks before transplantation, by an intracerebral challenge inoculation.

In several large-scale experiments performed with AKR, CBA, and C3H mice
it was found that not all grafts from persistently infected donors were rejected by
syngeneic LCM-immune recipients, but that a few were accepted without apparent
alterations while others underwent partial rejection. In these latter cases a typical
homograft reaction set in at the expected time, e.g. ten days after transplantation,
but rather than leading to complete necrosis, a slow recovery took place. The final
result was a graft with a reduced size and an altered texture. In such cases evaluation
was often difficult and final interpretation was dependent on histological examina-
tion. It was furthermore found that the graft survival times varied considerably
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between and within experiments, even with otherwise identical donor-recipient
combinations, and that this variation might simulate second-set responses. It is
noteworthy that such results were obtained irrespective of whether the persistently
infected donors had been infected neonavally or were born of carrier mothers
(details to be published).

The present knowledge does not permit making a final statement concerning
the basic mechanism, but the interpretation given by HoLTERMANN and MAJDE
(1969)is plausible. These authors think that the antigens, which manifest them-
selves by a homograft type reaction in syngeneic recipients, are due to virus which
is being assembled in close contact with the cell membrane. Observations very
similar to the ones described were reported by BREYERE and WiLL1AMS (1964) who
found thatv a proportion of skin grafts from BALB/c mice suffering from virus-
induced leukemia were rejected by syngeneic recipients; other grafts were rejected
partially. Here, too, the most likely interpretation is that the new histocompatibi-
lity antigens were identical with the budding virus.

Whereas these observations do not prove that new transplantation antigens
— be they viral or cellular in nature — are responsible for the observed immune
phenomena, they nevertheless have opened up a new path which may be followed
profitably to answer this important question. This, however, may turn out to be
a difficult task. The scarce clinical signs after peripheral infection which, as the
studies with immunosuppressive measures show (Rowg, 1954; Haas and
STEWART, 1956; ROoWE ¢t al., 1963 ; Mims and TosoLINT, 1969), are not less caused
immunologically than death following intracerebral inoculation, and the quick
and complete recovery indicate that either few cells are antigenically altered and
then eliminated or, else, the alterations of the cell surfaces are slight and
reversible. It should be remembered that persistently infected mouse cells
in vitro were slowly cured by antibody to the virus, which was not due to preferen-
tial elimination of infected cells (see Section III. C). PorrEr and Haas (1959)
rendered an LCM virus-infected and apparently highly infectious transplantable
mouse ascites-tumor free of virus by passing it five times through LCM-immune
mice. No difficulties were reported and it may be assumed that the cells’ viability
had not markedly suffered during this process (see Section IV. A). The dramatic
disease following the intracerebral inoculation of the adult mouse should not be
construed as proof of the existence of qualitatively or quantitatively strong
antigens. Nerve cells with even minor new surface antigens may be expected to be
affected by cellular or humoral immune reactions leading to functional disorder,
even without morphologic damage. It should be kept in mind that nerve cell
destruction in mice which had died after intracerebral infection is all but absent
(see Section V. A. 4. ¢).

There are no data to support the hypothesis put forward by HANNOoVER LAR-
SEN (1969d) that tolerance in mice persistently infected with LCM virus is a con-
sequence of virus multiplication in the specifically immune reactive cells, thereby
suppressing their immunological responsiveness, rather than a specific block of
immunological reactivity due to exposure of the immune apparatus to the antigens
in question.

Since the antigens which are responsible for immunological responsiveness and
tolerance have not yet been identified, it is not surprising that we do not fully
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understand the nature of the immune processes involved. The experimental data
which have direct bearing on this problem have all been obtained with the whole
virus. The following discussion is therefore presented with the reservation that the
identification with the virus of the antigen “X”, which is responsible for the
immunological conflict, is so far not much more than a working hypothesis. The
situation is further complicated by the fact that the relationship between virus and
s-antigen is virtually unknown (see Section II. F). In particular, these may differ
antigenically, and since all tissues produce the soluble antigen, the data obtained
with the virus may apply to the soluble component as well. In order to facilitate
our discussion, we shall make the most simple assumption, namely, that the s-
antigen is part of the virus structure and antigenically not different from it.
On the previous pages we have encountered a number of examples which
indicate that antibody formation and virus elimination are causally not related.
These will be summarized here together with additional illustrating examples.
Neonatal thymectomy as well as treatment with antilymphocytic serum spared
mice from LCM disease, although virus multiplication was unaltered and antibody
was produced. This is not an unexpected result from such procedures, particularly
if both signs of the disease and virus elimination were dependent on cellular rather
than humoral mechanisms (METCALF, 1966; MILLER and OsoBA, 1967; MEDAWAR,
1969). Antibody appeared in mice which survived the intracerebral or intraperi-
toneal infection of high doses of virus and developed persistent infection
(HANNOVER LARSEN, 1967; 1968b; BENsox and HorcHIN, 1969; HoTcHIN, 1969).
Antibody was also produced in a few mice which became carriers in consequence
of the inoculation at birth of one LD5p (VOLKERT and HANNOVER LARSEN, 1965a)
as well as in carriers which retained the virus after having been transplanted with
syngeneic nonimmune lymphoid cells (HANNOVER LARSEN and VOLKERT, 1967),
or with syngeneic immune lymphoid cells contained in Millipore chambers
(HaNNOVER LARSEN, 1968a). HANNOVER LARSEN (personal communication)
transplanted syngeneic lymphoid cells from immune male donors into persistently
infected female C3H mice. The resulting adoptive immunity was of short
duration; virus reappeared and antibody disappeared from the circulation. How-
ever, whereas viremia was essentially restored after four weeks, the dis-
appearance of antibody took much longer. Thus, for many weeks, virus and anti-
body were found to coexist. When residual virus in noncarrier immune mice was
activated by antilymphocytic serum, viremia developed in spite of constant or
even increased concentrations of complement-fixing antibody (VoLkeRrRT and
LunpsteEDT, 1968). TRAUB (1960b) and VOLKERT and HANNOVER LARSEN
(1965a) showed that the development of circulating antibody and the ability to
eliminate the virus may be separated from each other simply by varying the time
interval between birth and infection. A thorough study of this phenomenon was
presented by Haxwover LARSEN (1969a) who showed that all possible combina-
tions could be obtained : (1) high antibody, low virus; (2) high antibody, high virus;
(3) low antibody, low virus; (4) low antibody, high virus titers (see Fig. 11). Tt is
unexplained why other investigators failed to detect complement-fixing activity
in sera from mice infected as late as seven days (Wr1cAND and HorcHIN, 1961)
or even 12 days (PETERSON and MAKSUDOva, 1969) after birth. LuNDSTEDT
(1969Db) incubated spleen cells from LCM-immune C3H mice for 75 minutes at
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37°C in antilymphocytic serum (no complement added) and inoculated 30 x 108
viable cells into syngeneic LCM virus carriers. In seven of ten mice thus treated,
complement-fixing antibody concentrations rose to variable levels but virus titers
were unaffected. In three further mice virus disappeared—though significantly
slower than in the controls—and antibody titers were high. HANNOVER LARSEN
(1969 ¢) determined the kineties of viremia and complement-fixing antibody in the
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Fig. 11. Independence of viremia and complement-fixing antibody in mice infected with LCM virus, strain Traub,
when two to nine days old.
At intervals, mice were bled and concentrations of virus (mouse LDso per 0.03 ml) and complement-fixing antibody
were determined in parallel. Adapted from J. HaxNover LArRsEN: Immunology 16, 15 (1969). (With permission
of the author and of Blackwell Scientific Publications Ltd., Oxford.)
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blood after intraperitoneal infection of immunologically suppressed mice and found
both to pursue quite independent courses. This was particularly striking in the
case of X-irradiated animals.

All these data strongly suggest that virus elimination is not due to the activity
of circulating antibody, but rather is accomplished by cellular mechanisms, a
conclusion which was reached by TrAUB (1936b) more than 30 years ago. It would
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therefore be logical to consider that cell-mediated immune tolerance prevents virus
elimination leading to the carrier state and that the opposite of immunological
tolerance, immunity leading to allergic reactions, is also cell-mediated. The
following observations may be interpreted as indicating that delayed-type
hypersensitivity is involved.

Mice inoculated intracerebrally with LCM virus were 10,000 times as susceptible
as controls to endotoxin from Gram-negative bacteria. The latent period, relative
to the intracerebral infection, could be considerably shortened ; mice dying within
24 hours after endotoxin injection did so with typical LCM signs, even when the
entire sequence of endotoxin injection and death occurred during the first 30 hours
after intracerebral inoculation of the virus. After subcutaneous inoculation
of the virus, mice were 500 times more sensitive to endotoxin (BARLOW and FAIR-
LEY, 1963). Hyperreactivity to endotoxin has been repeatedly demonstrated in
animals, including mice, which had been infected with tubercle bacilli (BorDET,
1936; FrreuND, 1936; PackariN, 1951; SuTeEr and Kirsavow, 1961) and
Brucellae (ABERNATHY ef al., 1958) which have in common the ability to elicit
marked delayed-type hypersensitivity. STETSON (1959) has drawn attention to the
great similarity between endotoxin and delayed-type hypersensitivity reactions,
be they local or generalized. The mutual enhancement of LCM virus and endotoxin
in mice may thus be seen as being due to a summative effect of generalized hyper-
sensitivity and related effects. Whether the same explanation holds true for the
aggravating effect of pretreatment with Eperythrozoon coccoides on peripheral in-
fection with LCM virus (GLEDHILL and SEAMER, 1961; SEAMER et al., 1961) is
doubtful. SEAMER and GLEDHILL (1965) measured the virus concentrations in
blood, livers, and brains of mice infected peripherally with the UBC virus and
found traces only; the lethality was low. If E. coccoides was inoculated prior to
virus infection, virus titers increased by several logs: e.g. in the brain, 105 to 107
LDs per g were present as compared with none in the virus-only controls. Thus,
the enhancing effect of infection with E. coccoides on the pathogenicity of LCM
virus appears to be the consequence of enhanced virus multiplication, leading to
concentrations in the brain high enough to imitate the effects of intracerebral
inoculation.

It seems pertinent to mention that the relationship between E. coccoides and
mouse hepatitis virus is closely similar to the one between K. coccoides and LCM
virus; the susceptibility to mouse hepatitis virus is increased by infection with
E. coccoides, apparently due to the same mechanism, i.e. enhancement of virus
multiplication. Furthermore, infection with the mouse hepatitis virus increases the
action of endotoxin in mice (GLEDHILL ¢t al., 1955; GLEDHILL, 1958). The relation-
ship between mouse hepatitis and LCM viruses (GLEDHILL et al., 1961) needs
clarification. The mechanism of the endotoxin-like effect of chlorambucil on LCM
virus-infected mice (BarLow, 1962) is unknown.

Further evidence for the role cell-bound immunity plays in the disease of the
mouse following the infection with the LCM virus may be seen in the fact that for
clinical signs to develop the full activity of complement is not required (LEHMANN-
GRUBE, 1969d). The same was found to apply to the prototype of a cell-mediated
immune reaction in the mouse, ¢.e. the homograft response following skin grafting
(CAREN and ROSENBERG, 1965).

Virol. Monogr. 10 5
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The most direct evidence for a generalized reaction of delayed-type hyper-
sensitivity in mice infected with LCM virus may be obtained from the develop-
ment of a local foot pad reaction (see Section V. A. 2). The concept of hyperergic
allergy was exemplified by vox PIRQUET (1907) with the skin reaction to vaccinia
virus which he considered to be due primarily to an interaction between antigen
(the virus) and cell-bound or circulating antibody. The similarity of a local vaccinia
reaction and the LCM foot pad response is not superficial. Von Pirquet’s finding
that the course of the individual lesion was dose dependent has its analogy in the
local response to LCM virus (RocER and ROGER, 1964d; 1964e). What is more im-
portant, von Pirquet’s observation that the skin lesions due to vaccinia virus
inoculated at different sites at intervals of two days within a certain period of
time reached their maxima together was found by RoGER and RogEer (1964Db)
to apply to the LCM foot pad response as well. The suppressive effects of whole
body — but not local — X-irradiation (BENsoN, 1963a), neonatal thymectomy
(Mogt et al., 1964), and treatment with antilymphocytic serum (Mims, 1969 ; Mims
and TosoLINI, 1969) on the foot pad response are further indications of its immu-
nological basis. Amethopterin, likewise, suppressed the local foot pad response but
the majority of these mice died, which has not been explained (Sikora and
HorcniN, 1963). Furthermore, just as the interval between intracerebral inocula-
tion and cerebral disease may be shortened by a prior sensitizing infection (see
above), appearance of the foot pad reaction may be hastened in the same way
(RocER and RoGER, 1964g). The resemblance of the phenomena associated with
the foot pad reaction with those associated with the signs after intracerebral in-
fection (see above) is striking and probably indicates similar pathogenetic
mechanisms. Unexpected and unexplained is the finding that the latent period of
the foot pad response may be shortened by one to two days if antiserum is given
less than four days after local inoculation of the virus. In contrast, signs due to
intracerebral or intraperitoneal inoculation of virus were not accelerated by anti-
serum (RogEr and RoGER, 1964 ¢g). While all these phenomena leave little doubt
as to the major role immunologically active cells play in the LCM disease, at least
one observation is on record which may be interpreted to mean that antibody may
also take part. Infant mice born of immune mothers were found to respond more
often with disease to the infection with LCM virus than did mice of equal age from
normal animals (TRAUB, 1961a).

The outwardly unimpeded subsequent development of those mice which had
survived the first two to three weeks after neonatal infection was generally taken
to mean that immunological responses in neonatally infected mice eventually were
suppressed, leading to complete immunological tolerance. This notion became
doubtful when evidence accumulated that many of these mice developed clinical
and pathological signs when a few months old (see Section V. A. 3). The assump-
tion that this “late-onset disease”” was also due to an immunological interaction
between host and virus-induced antigen though different from the acute
response (HoTcHIN, 1962a; 1965; 1967), was strengthened by the results obtained
in experiments in which persistently infected mice were joined in parabiotic union
to LCM-immune partners. Late-onset disease developed faster and was more
severe than in single mice and had the additional feature of being associated with
severe anemia (HorcHIN, 1962a; 1965). As with the late disease in carriers, wasting
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and anemia following parabiosis is not a general phenomenon. HANNOVER LARSEN
(19684a) joined C3H carriers to immune animals and did not observe pathological
effects in 30 weeks. OLDSTONE and Dixon (1968a) noted that parabiosis of C3H
virus carriers with C3 H hyperimmune mice did not have detectable consequences
for the two mice but that a similar type of parabiosis with SWR mice caused early
death of the carrier and injury to the immune partner.

OrpstoNE and Dixox (1967; 1968a) presented evidence tor the existence of
low concentrations of LCM-specific antibody in carriers which had survived
neonatal infection, thereby confirming the long neglected finding of TRAUB and
ScHAFER (1939; TraUB, 1939a; 1960b) that the sera of a few carrier mice con-
tained complement-fixing antibody at low concentrations. Recently, BExsox and
HotcHIN (1969) detected antibody by means of immunofluorescence in neonatal
carriers, first about two months after infection, but HorcsIin (1969) failed to elute
antibody from the kidneys of such animals.

These studies were extended by OLDSTONE et al. (1969; OLDSTONE and D1X0N,
1969). Using the CA 1371 strain of LCM virus, inbred mice were made carriers by
neonatal infection. As determined by immunofluorescence, LCM virus antigen was
found in all tissues, notably in the brain, the liver, and the kidneys. By the same
method the glomeruli of carrier mice as well as the hepatic lesions were shown to
have accumulated host cell v-globulin and the third component of complement; all
other tissues were free of host plasma proteins. In the kidneys, host y-globulin was
found in traces as early as ten days after infection. On days 14 and 21 the deposits
had become considerable. In eluates from such kidneys, LCM-specific complement-
fixing antibody was detected, the amount of which increased with the animals’ age.
Monkey kidney cells infected with LCM virus, but not uninfected control cells,
absorbed 50 per cent of the y-globulin contained in the kidney eluates. Antiglom-
erular basement or antinuclear activities were not demonstrated. Labeled guinea-
pig complement, component three, was faster eliminated from carriers than from
controls; by direct immunofluorescence it was found to have accumulated in the
glomeruli. After repeated precipitation of carrier serum with rabbit anti-mouse
v-globulin the infectivity was reduced 1000-fold. A correlation was found between
virus plus antibody concentrations in the mouse strains on the one hand and the
extension of their late disease on the other. There can be no doubt that the
findings of Oldstone and Dixon prove the ability of mice infected at birth with
LCM virus to respond with specific antibody through most of their lives. There is
likewise little room to deny the existence of antigen-antibody complexes, and
the conclusion that these are probably responsible for the late glomerulonephritis
(see also UNANUE and D1xoN, 1967) and possibly also for the alterations in other
organs seems justified.

While the significance of these findings is not to be questioned, it should never-
theless be pointed out that the experiments were done with mice incculated after
birth and that they did not take advantage of the unique opportunity offered by
the LCM virus to study the effect of a foreign antigen on a host which was pre-
sumably immunologically at zero level on first contact. It is @ priori likely and has
been well documented experimentally by Howarp and MicaIE (1962) and BRENT
and GOwLAND (1963) that newborn mice are capable of responding immunolo-
gically. We remember that newborn mice react — initially at least — with retar-
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dation of development, and many die. There are hints, however, indicating that
even mice which were infected congenitally, ¢.e. presumably at the very beginning
of their ontogenetic development, also are capable of producing antibody. Retar-
dation during later development and the histopathology in some instances (see
Section V. A. 3) are not necessarily the result of an immunological interaction.
However, TRAUB and ScHAFER (1939; TrRAUB, 1939a; 1960b) had detected low
concentrations of complement-fixing activity in some mice from an established
carrier colony. POLLARD et al. (1968b) measured the total globulin and vy-globulin
concentrations in the sera of established carriers and found them to be higher than
in control mice. LEHMANN-GRUBE, HirscH, and ArLLisoN (unpublished) demon-
strated immune complexes in the kidneys of C3H carriers of the first and second
congenital generations but not in controls (Fig. 12) which is highly suggestive of
the presence of circulating antibody to the LCM virus in congenital carriers.

Fig. 12. Sections of kidneys from C3 H mice stained with fluorescein-conjugated antimouse gamma globulin.
Left: Mouse congenitally infected with Traub strain of LCM virus (second carrier generation).
Right: Normal mouse of the same age

Immunological tolerance is not an all-or-none phenomenon but rather an “im-
pressed diminution in immunologic responses below those which normally ocecur
after known antigenic excitation” (CHASE, 1959) and it is difficult to follow
OLpsTONE and DixoN (1969 ; OLpsTONE, 1969) who challenge the notion that the
LCM virus carrier state is the expression of a true example of immunological tol-
erance. These mice do not respond with clinical signs and they are incapable of
eliminating the virus, which leaves no doubt that the cell-mediated response to-
wards the viral or virus-induced antigens is greatly diminished though not
abolished. LEHMANN-GRUBE (1964 b) observed that in a few mice, made carriers by
injection of high doses of virus when younger than 24 hours, the virus which had
been present 50 to 80 days after the infection had disappeared when tested for again
at days 180 to 190, indicating development of ability for virus elimination which
is probably cell-mediated.

There is another consideration which merits our attention. As we have seen,
antibody concentrations in LCM virus-infected mice occur at two levels (if we
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disregard in this context the high titers reached after adoptive immunization of
carrier mice), and both the minute amounts which are just barely detectable in
mice infected neonatally as well as the comparatively high concentrations, such as
are found after nonlethal infections of adult mice, may be associated with virus
concentrations characteristic of carrier mice. If, as OLDsTONE and Drxon (1969)
suggested, the low concentration of antibody in carrier mice were a peripheral
phenomenon in the sense that “‘this antibody cannot be detected free in the circula-
tion because of an excess of antigen or virus”’, then normal antibody concentrations
in carrier mice could only be due to less efficient masking, representing merely the
other extreme of the same phenomenon. If this were true, carrier mice with inter-
mediate levels of antibody concentration should be found more frequently than
either or both of the two extremes. This, however, is definitely not the case. Al-
though conversions take place, as may be seen in Figure 11, intermediate grades
of antibody concentrations are not known to occur and it appears reasonable
to assume that true differences exist and that the trace amount present in a
typical carrier mouse results from central failure of production rather than from
masking by antigen whereas the comparatively high antibody response — with
or without virus at carrier level — is the expression of the opposite reaction, 1.e.
immunity. One would like to know whether the classes of antibody that participate
in the two responses differ qualitatively as well as quantitatively.

After having once again emphasized that the existence of virus-specific
immunological tolerance in LCM virus carrier mice is not at variance with our
present knowledge, we are still contronted with the fact that, although the virus
is integrated into the antigenic pattern of the host, antibody is nevertheless pro-
duced. The ever increasing body of data which demonstrate the existence of auto-
antibody — sometimes associated with clinical or pathological signs, but often
completely free of them — (Kipp and FRIEDEWALD, 1942a; 1942b; MiLaroM
et al., 1957; BoyDpEN, 1964; HackErT and THOMPSON, 1964 ; LAFFIN ef al., 1964;
Norins and Hormes, 1964; Burcio and SEVERI, 1965; SCHLESINGER, 1965;
HiLpeManN and WarLrorDp, 1966; ELson and WEIR, 1969) indicates that the
presence of antibody to self may be the rule rather than the exception. Further-
more, the ease with which auto-antibody may be induced is remarkable (HrABA,
1968). Indeed, it has been postulated that auto-antibody has a physiological
function by aiding in the removal from the body of normal catabolic products
(GRABAR, 1957; BovDEN, 1964). The data of RowLEY and Fircu (1965) indicate
that antibody may be necessary to inhibit the transformation of potential to
antibody-producing cells. WALFORD (1964 ; 1967) has collected observations which
may be interpreted to mean that aging is associated or even caused by an increase
of auto-immune phenomena. Taking this view, pathological alterations in congenital
carriers are nothing else but pathological auto-immune phenomena. It is not
known and should be determined whether abnormalities in mice born to carrier
mothers are the rule or whether they occur only in certain virus-mouse strain
combinations.

The clear demonstration in the case of infection of the mouse with LCM virus
that immunological tolerance consists of at least two separable components, one
related to circulating antibody and the other to cell-bound immunity, confirms
previous reports with other antigens (TURK and HUMPHREY, 1961; BATTISTO and
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CHASE, 1965; BoreL et al., 1966) and may turn out to be a general phenomenon.
We have become acquainted with several observations which are best interpreted
by assuming that the cell-mediated ability to eliminate the virus may be specifi-
cally suppressed, although, at the same time, the ability of forming antibody is left
intact, which is reminiscent of the phenomenon of “immune deviation” (ASHER-
SON, 1967).

Recent evidence suggests that at least two populations of lymphoeytes parti-
cipate in the immune response, one being thymus dependent (T-cells) and the other
thymus independent (B-cells). Both T- and B-cells appear to cooperate in the
humoral response though only the B-cells secrete antibody (MircHELL and
MiLer, 1968). Cell-mediated immune responses, on the other hand, depend
primarily on the functional activity of T-cells (MILLER and OsoBa, 1967). 1t is also
becoming clear that immunological tolerance may affect these two cell types
independently (Isakovié et al., 1965; SMiTH et al., 1966; STAPLES et al., 1966;
TAYLOR, 1968; PLAYFAIR, 1969). Thus it would seem that for a given antigen
T-cells may be tolerant while B-cells remain immunologically competent. This
consideration may apply to all self antigens as well as to the viral antigens in LCM
virus carrier mice, and, indeed, it may be hypothesized that the biological role of
immunological tolerance, namely prevention of self destruction, applies only to
its cell-bound component and that its “failure” with regard to the production of
circulating antibody is the rule rather than the exception.

Whether the cell-associated suppression is likewise incomplete in mice infected
congenitally with LCM virus is unknown. One 20-month-old mouse from an
established carrier colony was observed by MiMs (personal communication) to
tremble spontaneously and to undergo tonic convulsions after spinning, as is typi-
cal for mice inoculated intracerebrally, indicating participation of cellular immune
mechanisms in at least this one animal. The experimental elucidation of this ques-
tion may be difficult but worth every effort. Be the answer yes or no, it is bound
to broaden our knowledge of the mechanism of immunological tolerance and at
the same time deepen our understanding of its biological significance.

¢) Pathology

Many descriptions are on record (ARMSTRONG and LiLLIE, 1934 ; FINDLAY et al.,
1936; FinpLAY and STERN, 1936 ; LEPINE and SAUTTER, 1936; RivERs and ScoTT,
1936a; TrAUB, 1936a; 1939c; KASAHARA et al., 1939; Yamapa, 1940a; ALICE,
1945b; ALice and McNUTT, 1945 ; SHWARTZMAN, 1946; LERNER and Haas, 1958;
CoLLiNs et al., 1961) of which the one given by LiLLIE and ARMSTRONG (1945) is
the most extensive. In the central nervous system they found slight meningeal
infiltrations on the third day after intracerebral inoculation which increased to a
maximum between the sixth and ninth day, being more intense on the base than
dorsally. At about the same time, inflammation of the choroid plexus was at its
height, with greater involvement in the third and fourth than in the lateral
ventricles. The picture was strikingly similar after peripheral inoculation, although
it developed slightly slower. Ventricular exudates were only seen after intracere-
bral inoculation and were thought to result from the introduction of foreign matter
into the brain. During the period of greatest meningeal, plexal, and ventricular
involvement, lymphocytic infiltrations often extended into the Virchow-Robin
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spaces. Sometimes distinct edema of the corona radiata next to the lateral ventri-
cles was observed. QOccasional foci of cellular gliosis were found in a few mice.
Trrespective of the route of inoculation, encephalitis was conspicuously absent.
Finpray and STERN (1936) also emphasized that the nerve cells, even those in
close proximity to the meningeal or ventricular exudates, remained unaffected.
An occasional Purkinje cell was necrotie.

More involvement of the brain tissue was seen by Traus (1936a). In some
mice he found the brain stems to be infiltrated. Small collections of oligodendro-
glia cells were seen in a few mice in the cortex at the base of the brain. In many
mice a proportion of the cerebellar Purkinje cells were pyknotic and shrunken.
In the spinal cord, an occasional ventral horn cell was degenerated and surrounded
by oligodendroglial and microglial cells. Traub too concluded that “on the whole,
nerve cell degeneration and neuronophagy were not frequent, and the changes in
the nervous tissue proper were few”. In contrast to most investigators, COLLINS
et al. (1961) found a ‘“‘well-marked meningoencephalitis and myelitis” on days
seven and eight after intracerebral inoculation of the WE virus; the plexus were
free of alterations.

The visceral reactions were infrequent after intracerebral inoculation but
became more prominent when peripheral routes were employed.

Because of the immunologic implications of the LCM virus infection of the
mouse, the alterations in its lymphoid organs are of particular interest. After infra-
cerebral infection the circulating leukocytes fell slightly on the third day from
7,000 per mm3 to 5,000 per mm3, followed by a rise to 9,000 or 10,000 per mm3
and a further decline prior to death; lymphocytes were relatively reduced all the
time (BENSON et al., 1960). Diminished numbers of leukocytes were also counted
by Maksupova (1967) in BALB/c mice after the intracerebral inoculation of
100 LDsg of LCM virus. According to LILLIE and ARMSTRONG (1945), the spleens
were enlarged to two or three times their normal sizes. The follicles were moder-
ately active, being hyperplastic on the sixth to eighth day. Sometimes there was
accumulation of nuclear fragments either free in the lymph clefts or in the phago-
cytes. In mice which had died early this graded into frank karyorrhectic
necrosis of follicular substance, but more often there were hemorrhagic disruption
and replacement of follicles as part of perifollicular hyaline thrombosis and
hemorrhage. The splenic pulp was moderately congested in most animals and con-
tained variable amounts of myeloid cells. Again, in animals that died early there
were focal to patchy hyaline thrombosis and karyorrhectic necrosis of the pulp.
TraUB (1936a) noted enlargement of the spleens; after intravenous infections
they were up to six times larger than normal. Microscopically, the Malpighian
bodies were increased in size and the red pulp was infiltrated with moncnuclear
cells. According to FINDLAY and STERN (1936), the spleens were congested with
“slight enlargement of the malpighian bodies”.

In intracerebrally infected mice, LERNER and Haas (1958) noted that the lesions
in the lymphoid organs were not consistent. Involved spleens contained numerous
phagocytic cells. The follicles were hyperplastic but were sometimes obliterated
by reticuloendothelial hyperplasia. The pulp was occasionally congested or hemor-
rhagic with necroses and follicle destruction. Rivers and Scorr (1936a) saw
“nothing particularly characteristic of the disease” in the spleens.
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In lymph nodes, LitLie and ARMSTRONG (1945) distinguished two types of
changes, one involving the follicles, the other the pulp and the sinuses. Sometimes
they occurred together, but more often nodes showed either the one or the other
process. Follicular changes comprised swelling and hyperplasia, dilatation of lymph
clefts, and accumulation of nuclear fragments in these and in the swollen and
phagocytic littoral cells. The lesions of pulp and sinuses consisted of serum and
fibrin exudation in focal areas, often subcapsular, accompanied by more or less
cellular depletion, hemorrhage, karyorrhexis, erythrophagia, and frank coagulation
necroses. As was mentioned in connection with the spleen, alterations were most
marked in mice that had died early. In Traub’s series (TRAUB, 1936a) some of
the normally sized lymph nodes had ‘“reticuloendothelial hyperplasia”. In his
later studies on the multiplication of the W strain of LCM virus in cells from lymph
nodes cultivated in wvitro, TRAUB (1962b; Travus and Kusting, 1963) noted that
in subcutaneously infected mice the regional lymph nodes were invariably swollen
on the fourth day, the other nodes and the spleen one to three days later. They
became frequently “‘as large as in animals sacrificed at an early stage of lymphatic
leukemia”. During this time cultivation in viiro of such nodes was not possible.
After intracerebral infection, LERNER and Haas (1958) saw hyperplastic follicles
and phagocytic cells. Reticuloendothelial hyperplasia was occasionally “‘so
extensive as to obliterate follicular architecture”. The lesions were not consistent
and varied in frequency and severity. Apparently, no changes were noticed by
R1vERS and ScorT (19364a).

Alterations found by Litrie and ARMSTRONG (1945) in the thymuses of intra-
cerebrally or intraperitoneally infected mice consisted essentially of karyorrhexis
and necrosis of cortical lymphocytes accompanied by dilatation of lymph spaces
in both the cortex and the medulla and accumulation of nuclear debris which
was taken up by the swollen littoral cells. Cell necrosis soon resulted in extensive
depletion of the cortex, and the expansion of the littoral cells led to an “‘epi-
thelioid replacement”. After intraperitoneal inoculation this process became
apparent on the fourth day and after intracerebral inoculation two or three days
laver.

A thorough account of the changes in lymphoid organs of multicolored W. E. H.1.
mice after the intravenous inoculation of 105 LD3g of the WE virus was given by
Mims and TosoriNt (1969). In the spleens perifollicular lesions consisting of large
pale cells, some infected as evinced by immunofluorescence, some pyroninophilie,
with areas of amorphous extracellular eosinophilic material appeared on days
four to five. With time more cells degenerated and on day six the lesions were
severe extending into the follicles. The authors noted the similarity of these
alterations with those seen in spleens during homologous disease, parabiotic in-
toxication, and other graft versus host reactions. Similar changes developed in
lymph nodes. After subcutaneous infection, the local nodes underwent extensive
irreversible necroses. In the thymus, changes were first noted on the fifth day
with depletion of lymphocytes in the cortex. In the medulla the cell density was
increased, the veins were dilated, and karyorrhectic nuclear fragments were seen
lying inside reticular cells.

Changes in all lymphoid organs were noted by HaNAOXKA et al. (1969) who
followed the events in spleen, lymph nodes, and thymus after the intracerebral
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inoculation of 1000 IDs¢ (mouse) of the WE strain. Virus propagation was
accompanied by a marked depletion of the “thymus-dependent areas”, in both
spleen and lymph nodes, of small lymphocytes commencing as early as two days
after infection and a similar disappearance of small cells in the thymus three to
five days later. In this period the weights of the thymuses dropped significantly
as compared with noninfected controls; the weights of spleen and lymph nodes
were said to be likewise affected although not significantly. These alterations bear
a striking similarity to those seen in mice treated with cortisone or subjected to
severe stress (DOUGHERTY, 1952; ISHIDATE and METCALF, 1963). It is conceivable
that the WE strain which is known to multiply in most if not all organs of the
mouse assumes the role of a stressor acting through the release of adrenocortical
hormones rather than by destroying selectively the small lymphocytes in a more
direct way.

Neither the findings of Hanaoka and his colleagues nor my interpretation may
be generalized. A comparison of the various accounts given above reveals differ-
ences which probably depend on virus strains, doses, routes of inoculation, and
even the host. Thus, the marked changes in WE virus-infected mice did not show
up when the Armstrong strain was used. In C57BL, Bagg, CBA, and A mice
splenic lesions were all but absent, although virus titers in C57 BL mouse spleens
were higher and immunofluorescence as extensive as in stock mice (Mims and
WainwrIcHT, 1968 ; Mims and Tosorint, 1969).

As regards the other organs and tissues, generalized lymphocytic infiltration,
sometimes including larger lymphoid and plasma cells, macrophages, and poly-
morphonuclear leukocytes involved pleura and peritoneum, kidney cortex and
pelvis, liver, pancreas, lungs, heart, adrenal glands, salivary glands. Fatty degener-
ations were found in liver and kidneys as early as the third day after infection.
Focal necroses occurred in the liver; in the bone marrow these were more diffuse
(LrLure and ARMSTRONG, 1945).

In the cytoplasm of mononuclear cells from infected mice, monkeys, and rats
Fixpray and STERN (1936) detected ‘‘small collections of minute granules only
just within the power of resolution of the microscope’; none in the controls.
These granules were even better recognized if the smears were first stained with
Giemsa’s stain and then examined with dark field illumination. REiss-Gur-
FREUND ef al. (1961) observed two types of cell inclusions in mice and guinea-pigs
after infection with human isolates of uncertain identity (see Section XII). PoL-
LARD et al. (1968a) saw by means of the electron microscope cytoplasmic inclusions
containing small electron-dense “‘virus-like’’ particles in spleen cells from estab-
lished carrier mice. They were considered to be of LCM virus origin.

5. Immunologiec Response

TraUB (1936b) observed a rapid development of protection in adult mice.
Intracerebral challenge of mice one day after intraperitoneal inoculation of virus
led to typical convulsions, whereas, if intracerebral challenge was delayed until
day five, a few mice were protected. On day eight no disease developed.
Lyon (1940) found that three days after subcutaneous infections, a significant
proportion of mice were capable of withstanding intracerebral challenge, and on
the fifth day protection was complete. Similar results were reported by Rowe
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(1954) and Haas (1954). With the WE virus, SEAMER ef al. (1963) observed
partial and almost complete resistance, respectively, four and five days after the
subcutaneous infection. When the WHI strain was employed, resistance developed
faster.

UpHOFF and Haas (1960) lethally X-irradiated nonimmune and LCM virus-
hyperimmunized (BALB/c x DBA/2)F; hybrids and protected them with bone
marrow and spleen cells from normal and hyperimmunized donors. As a rule, the
immune state of the recipient mouse determined the response to intracerebral virus
challenge 21 and 33 days later. In contrast, VoLKERT (1963) achieved adoptive
immunization by the inoculation of spleen and lymph node cells from LCM-immune
syngeneic donors. Recipients were protected against 100 LDs¢ when transplanta-
tion was done at least two weeks and against ten LDsp when transplantation was
done at least one week before intracerebral challenge.

It is noteworthy that in spite of the absence of clinical signs after intracerebral
challenge in mice immunized by peripheral infection the virus multiplies. Rows
(1954) studied the relationship between the time after immunizing infection and
the virus’ ability to multiply in the brain. With short intervals, the multiplication
was reduced though not abolished. At nine months, titers on the second day were
as high as in the nonimmunized control mice, but they fell rapidly. Surprisingly,
many of the mice which remained free of clinical illness nevertheless histologic-
ally had meningitis. It developed at an accelerated rate, appearing at least three
days earlier than in nonimmune mice. Haas (1954) measured the rate of virus
multiplication in the brains of subcutaneously immunized mice and found it to be
indistinguishable from multiplication in nonimmune animals for the first three
to five days. In contrast, virus did not multiply if immunity had resulted from an
intracerebral infection but was rapidly eliminated (RowEg, 1954; Haas, 1954;
TrAUB, 1961a). Multiplication in the viscera after intraperitoneal inoculation was
more effectively suppressed, irrespective of whether immunity followed intra-
peritoneal or intracerebral infection (Rowg, 1954).

TraUB and KESTING (1963) and TrAUB (1964) noted some delay of virus
multiplication in lymph node cell cultures immediately after dispersal of the cells,
if the organs had come from actively immune mice. In infected L cells, the virus
titers were not affected by the addition ot spleen cells from immune C3H mice
to the culture (LUNDSTEDT, 1969a).

Infants born of actively immunized mothers were not measurably protected
when challenged by intracerebral inoculation (TrRaUB, 1961a; WEIGAND and
Horcaix, 1961).

HaN~ovER LARSEN (1969D) followed the development of the ability of lym-
phoid cells to adoptively immunize syngeneic carrier mice (see Section V. A. 4. b).
On days zero, two, and four after intraperitoneal infection of the donor mice no
effect was obtained. With cells from the eighth day a proportion of the recipients
was freed of the virus and developed antibody, signifying specific immunologic
activity of the donor cells. At about the same time the infected donor mice had
lost the virus from the blood and had begun to produce measurable amounts of
complement-fixing antibody.

The rapid development of solid immunological protection contrasts with the
slow and weak response in respect of circulating antibody. After nonlethal infec-
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tion, complement-fixing antibody is regularly demonstrated (TRAUB and SCHAFER,
1939; SmMADEL and WarLL, 1940; WEIcaND and HorcuiN, 1961; VOLKERT ef al.,
1964; HANNOVER LaArsEN, 1968b; 1969b). It appears between the 6th and
12th day, reaches moderate titers of 64 to 128 and persists unaltered for many
months, presumably lifelong. Booster effects following repeated virus inoculations
are not obtained. At no stage is the complement-fixing activity affected by
2-mercaptoethanol (HANNOVER LARSEN, 1969b). According to LEwis and Cray-
TON (1969a), antibody titers determined by indirect immunofluorescence are, on
the whole, somewhat higher than complement fixation titers.

Sivkovics and MoLNAR (1955) searched for antibody in homogenates prepared
from retromediastinal lymph nodes after intranasal infection. Complement-fixing
antibody was occasionally detected at low concentrations; neutralizing antibody
was consistently absent. After intranasal instillation of a vaccine, prepared from
LCM virus-infected mouse brain, again neutralizing activity was not found. In
marked contrast, complement-fixing antibody attained high titers (64 —128)
which by far exceeded the titer in the serum (four). Probably lack of antibody forma-
tion in the regional lymph nodes is the functional expression of their severe patho-
logical alterations after infection with LCM virus (see Section V. A. 4. ¢) which
may be expected to be absent after vaccination. Sinkovies and Molndr observed
cellular activation in lymph nodes from both groups of mice. Hemorrhages and
edema, however, were only seen after infection with native virus.

Until recently, neutralizing antibody in mice, even after repeated infections,
could either not be demonstrated at all (TrRAUB, 1936b; TRAURB, 1937; TRAUB and
SCHAFER, 1939; SMADEL and WaLL, 1940; Haas, 1954 ; Sinkovics, 1955; SINKO-
vics and MOLNAR, 1955; SMORODINTSEV, 1957; WrIcanp and Horomin, 1961 ;
VOLKERT et al., 1964; PETERSON and MaksuDOVA, 1969) or at low levels (Rows,
1954 ; TraUB, 1959; TrRAUB, 1960b; TrRAUB, 1961a; TrAUB, 1964). HOTCHIN éf al.
(1969) used a refined assay and claimed to have detected considerable amounts
of neutralizing antibody which appeared many months after infection. The data
are as follows; antibody was detected in one of four sera from pairs of carrier and
immune mice joined in parabiosis which is comparable to adoptive immuniza-
tion. One of two high dose survivors (see Section V. A. 4. b) had neutralizing anti-
body which, again, is a special case. Altogether two mice were tested which had
been immunized in the usual way, ¢.e. by peripheral infection. Of these one had
neutralizing antibody, the other did not.

Two explanations could account for the failure of detecting neutralizing activ-
ities in LOM-immune mice ; either mice are essentially incapable of producing such
substances, or, alternatively, neutralizing antibody is present but is missed
because of inadequacies of the employed techniques. By means of a quantal assay
of the virus in L cell tube cultures (LEEMANN-GRUBE and HEssE, 1967), LEH-
MANN-GRUBE and SLENCzKA (to be published) proved the second alternative to be
correct ; after infection, mice produce neutralizing antibody which can readily be
demonstrated. The results of several experiments may be summarized as follows.
Neutralization becomes detectable during the fourth week after infection with
LCM virus, WE strain. The titer — defined as the reciprocal of that serum dilution
which reduces 100 ID59 down to one ID5g — rises slowly, reaching maximum values
between days 50 and 100 after infection. Complement-fixing activities appear
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earlier and climb faster. Figure 13 illustrates a representative experiment. Control
sera were free of either activities.

As compared with other virus infections, the neutralizing titers are low; their
maxima range between 30 and 50. It has been repeatedly argued that the poor neu-
tralizing antibody response indicates “‘weak” antigenicity of the LCM virus.
Whereas this may be true with respect to the humoral response, it cannot be
accepted in a general form. The virus is fully capable of inducing a specific protec-
tion which, again, indicates that circulating antibody is not concerned with either
the removal of the virus or the prevention of the illness of the mouse (see Section
V. A. 4. b). Nor has evidence come to light which would support the hypothesis,
sometimes stated to explain the ease with which immunological tolerance is estab-
lished (see Section V. A. 3), that the virus is antigenically related to the mouse.

¥ig. 13. Development of neutralizing and complement-fixing antibodies in mice infected with the WE strain of
LCM virus.

At intervals after subcutaneous infection with 10% IDso (mouse) and intracerebral challenge inoculations with the

same dose of virus, groups of mice were bled and the neutralizing strengths of the pooled sera determined. Neutral-

izing titer is the reciprocal of that serum dilution which reduces 100 IDso of LCM virus, strain WE, down to one

IDso. The complement fixation tests were performed with the microtiter system according to Skvexr (1962)

It may be added here that in mice which had been infected as adults and which
were fully immune as far as protection is concerned infectivity was frequently
detected in the organs — notably the kidneys — and even the blood up to many
months after infection (TRAUB, 1938b; Haas, 1954; Rows, 1954; SMORODINTSEY,
1957; TrAUB, 1961b; LEEMANN-GRUBE, 1964a; VoLKERT and HANNOVER LAR-
SEN, 1965¢; HaANNOVER LarsEN, 1969c). Also, virus was activated in such mice
by treatment with antilymphocytic serum (VoLKERT and LUNDSTEDT, 1968). TRAUB
(1962b) demonstrated infectivity in lymph nodes 14 and 30 but not 41 days after
in vivo infection by cultivation ¢n wvitro. In a later study he detected virus by this
method up to two months after infection but not thereafter (TraUB, 1964).

It could be argued that LCM virus-infected mice never completely eliminate
the virus. The confirmed observation that immunity wanes as time passes by
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(see Section V. A. 4. b) speaks against this possibility. Probably, virus multipli-
cation and the host’s elimination mechanisms are delicately balanced with the
weights on either side dependent on factors such as virus strain, infecting dose,
mouse strain, route of inoculation, etc.

Mivs and WAINWRIGHT (1968) investigated the effect of peripheral virus in-
fection on the ability of Walter and Eliza Hall Institute mice to respond to other
antigens. After inoculation of the WE strain of LCM virus into the foot pad of the
mature mouse, the development of hemagglutinating antibody was reduced when
sheep red cells were inoculated 11, 15, and 20 but not 5 or 56 days later. Intra-
venous infection resulted in a similar antibody depression. Other immune reac-
tions, 7.e. the development of antibody to human serum albumin and the ana-
phylactic response to ovalbumin were likewise depressed. In mature C57 BL mice,
infected intravenously with WE strain virus and immunized seven days later, the
number of plaque-forming spleen cells was greatly reduced. In neonatally WE
virus-infected mice antibody responses were reduced when sheep red cells were
given ten days later. In contrast, the ability to respond to antigens was not
affected in established neonatal or congenital carriers.

When mice which had been immunized with sheep erythrocytes 15 days after
infection were bled again four months later, the antibody titers did not differ
significantly from those of the controls. The secondary immune responses upon
challenge in both groups were equal. However, if the booster inoculation of red
cells was preceded by an LCM virus infection, the secondary response was signifi-
cantly depressed. No immunosuppression was observed after the infection of the
mouse with the Armstrong (E-350) strain of LCM virus.

Ectromelia virus was much more lethal for mice which had been inoculated
a week earlier with the WE strain, and ectromelia-immune mice showed reduced
foot pad swelling due to ectromelia virus and failed to control virus multiplication
when infected with LCM virus before challenge with ectromelia virus.

Other virus infections of the mouse are known to affect the immune response
to a variety of antigens. The lactic dehydrogenase-elevating agent resembles the
LCM virus, inasmuch as pathology in infected cells is absent (NoTkins, 1965).
Infection of mice with this virus prolonged skin homograft survival (HowaRrD et al.,
1969) but enhanced the humoral response to human vy-globulin (NoTKINS et al.,
1966). Agents causing mouse leukemia, e.g., Gross’ passage A virus (PETERSON
et al., 1963; DENT ef al., 1965), Friend virus (SALaAMAN and WEDDERBURN,
1966; Opaxra ei al., 1966; CEcLowskI and FRIEDMAN, 1967), and Rauscher virus
(S1EGEL and MoRTON, 1966a; 1966b), usually suppressed both types of immunity,
even if the immunizing antigens were given before any signs of leukemia had
developed. OSBORN et al. (1968) analyzed the depression of humoral antibody
responses in mice inapparently infected with murine cytomegalovirus.

In all these examples of virus-induced incapacity of immunological responsive-
ness, little is known of the basic mechanisms. FrRiEDMAN and CEGLOWSKI (1968)
presented evidence indicating that in the case of Friend virus, antigen-responsive
precursor cells are affected by the infection, an explanation which does not ac-
count satisfactorily for the observations made with the LCM virus.

With the present knowledge it cannot be excluded that, after peripheral infec-
tion, cells of the immunological system are destroyed directly or indirectly by the
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multiplying LCM virus — as it seems to be the case after intracerebral inoculation
(see Section V. A.4.c¢) — thus lowering the host’s immunological capacity.
Circumstantial evidence, however, militates against this possibility. No suppres-
sion of response to other antigens was apparent on the fifth day after virus infec-
tion, although at this time the virus multiplication might be assumed to have
been at its peak. Immunosuppression occurred independently of follicular lesions
in the lymphoid tissues of WE virus-infected mice (M1iMs and WAINWRIGHT, 1968).
Furthermore, SCHWENK, SLENCZKA, and LEEMANN-GRUBE (see Section V. A. 4. a)
have obtained no evidence that lymphoid cells of the mouse, either from the blood
or from the spleen, participate in the infectious process. It should also be kept in
mind that infected mice respond immunologically quite vigorously to the virus
(see above). Nor is immunologic competition an explanation which accounts for
the facts; why should the effect of Armstrong virus, which is undoubtedly as
strong an antigen as WE, be different ? It appears likely that immunosuppression
by different viruses is mediated by different mechanisms, and a final interpreta-
tion of the effects the LCM virus has on the immunological capacity of the infected
host cannot be given at the present time.

B. Guinea-Pig
1. Signs of the Disease

In the earliest reports on the LCM virus, its pathogenicity for guinea-pigs was
noted (ARMSTRONG and Lirrig, 1934; R1vERS and Scort, 1936a; TRAUB, 1935a;
1935b; 1936a). Later it turned out that many strains do not cause overt disease
in guinea-pigs, although they are — with few exceptions (ACKERMANN ef al., 1964 ;
SCHEID et al., 1966) — infectious for them. All grades of virulence may be en-
countered. At one end of the spectrum is found the WE strain of which one infec-
tious unit kills the guinea-pig, independent of the route of inoculation (SMADEL
and WALL, 1940; SHWARTZMAN, 1946 ; JOCHHEIM ¢l al., 1957; BENDA et al., 1964 ;
LEHMANN-GRUBE, unpublished). At the other end we may place Armstrong’s
strain E-350 which hardly ever is lethal for these animals.

Thediseasefollowing subcutaneousorintraperitonealinfection with the WE strain
virus may be described as follows. Three to six days after the infection, depending
on the dose, the temperature becomes elevated often reaching 41.5° C. The animal
rapidly loses weight and develops marked prostration, weakness, conjunctivitis,
salivation, and labored breathing. Shortly before death, which with high doses
oceurs six to seven days after infection, the temperature drops to subnormal levels.
The disease picture does not differ whether the virus is administered peripherally
or by way of the central nervous system except that the course is more acute after
the intracerebral inoculation. With less pathogenic strains transient fever may be
the only objective sign of an infection.

Using the UBC (= WE) strain, RogER (1963a) elicited a local inflammatory
reaction by intradermal inoculation which was neutralized by LCM-specific anti-
body. As compared with a similar phenomenon in rabbits (see Section V. E)
guinea-pigs required three to four logyg less virus. The reaction following an intra-
dermal injection was usually accompanied by a fatal systemic disease. On
occasion, the local reaction preceded the generalized disease by several days.
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2. Pathogenesis
a) Multiplication and Distribution of the Virus

After subcutaneous injection of the highly virulent J. P. strain, M1LzER (1942)
detected infectivity in the blood 24 hours later; it persisted until the animal’s
death. NiroriTscH and FENJE (1959; NIKOLITSCH, 1959) determined the infect-
ivity of blood and brain after intramuscular infection. It was present in the
circulation on the second day (no earlier test) and in the brain on the fourth to fifth
day. At the site of inoculation the results were too variable to permit the conclusion
that the virus had multiplied locally. Using the Paris strain of LCM virus, MENDOZA
(1937) studied its distribution after the intraperitoneal infection. The highest virus
concentration was attained in the spleen; next came the lymph nodes. Of the other
organs, only the suprarenal glands contained enough virus to indicate local multi-
plication. Lungs and livers, though highly infectious, could not be titrated be-
cause of bacterial contaminations. BENDA et al. (1964) followed the development
with time after subcutaneous, intranasal, and inhalation infection of the weakly
pathogenic K strain in various organs and found early and high titers in lymph
nodes and spleens, low titers in the lungs, and traces in the blood. After subcuta-
neous or inhalation infection with the highly virulent WE strain, most virus was
found in spleens and lymph nodes, equalled only by the lungs, with peak titers
around the fifth day. All other organs had less virus although always more than
the blood, indicating multiplication throughout the body. TRaUB (1936 b) searched
for virus in blood and urine of subcutaneously infected guinea-pigs and found it in
the urine for up to 44 days after infection even though, at the same time, tests
performed with the blood were negative. It is not known whether there was no
virus or whether it was present in a neutralized form. The consistent finding that
the LCM virus multiplies preferentially in the spleens and lymph nodes of guinea-
pigs is of considerable interest because it may indicate a propensity of this virus
to multiply in lymphoid cells. However, as in the case of the mouse (see Section
V. A. 4. a) direct proof is lacking.

Data concerning the distribution of virus in guinea-pigs after infection by
inhalation may also be found in papers by BEnpa (1964) and BENDA and CINATL
(1964).

b) Pathology and Pathoyenetic Mechanisms

In spite of the marked differences of virulence among the strains, the pathology
they produce in the organs of infected guinea-pigs is rather uniform and only
differs quantitatively between strains and also routes of inoculation (FiNDLAY
el al., 1936 ; FINDLAY and STERN, 1936 ; RTvERs and ScoTt, 1936a; TRAUB, 1936a;
KasaHARA el al., 1939; YaMapa, 1940a; LiLLie and ARMSTRONG, 1944 ; ALICE,
1945b; Arice and MONUTT, 1945; BENDA et al., 1964). A mild chiefly basilar
meningitis and inflammatory alterations of the plexus chorioidei are often found.
The brain is never involved to any extent. Among the other organs, the lungs are
mainly affected, with areas of inflammatory consolidation in many parts. All other
organs may or may not show similar changes. In spleens and lymph nodes follicle
hyperplasia and intrafollicular phagocytosis of nuclear fragments and in the splenic
pulp early polymorphonuclear infiltration and later reticuloendotheliosis and
lymphoid cell infiltration have been described. On the whole, the pathology of
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LCM virus infections in guinea-pigs is rather uncharacteristic, and claims that the
identity of a new LCM virus isolate was established on the basis of its pathology
in guinea-pigs should be regarded with caution.

TrRAUB (1935b; 1936a) discovered intranuclear inclusions in the cells of the pia
mater and the meningeal vessels as well as in monocytes lining the meninges
and in glia cells in 8 of 14 guinea-pigs. Since they were not present in mice or
in the lungs of guinea-pigs, he considered their etiological significance to be
doubtful.

Little can be said concerning the pathogenetic mechanisms. Data obtained by
BenDA et al. (1964) indicate that the virus multiplies in the local lymph nodes
before it spreads throughout the body. One wishes to know whether, as in the
mouse, an immune conflict is involved. The observation by Rowe (1954; 1956)
that the course of the disease is not affected by X-irradiation makes such an as-
sumption unlikely, although more data are needed before this question may be
answered.

3. Immunologie Response

It has been said before that many strains of LCM virus are weakly pathogenic for
guinea-pigs; but they do induce solid protection to virulent strains. The details of
this conversion are not known. It seems to be a rapid process; ten days after a
subcutaneous infection with E-350 the guinea-pigs resisted challenge with the
otherwise invariably lethal WE strain (HEssE and LEHMANN-GRUBE, un-
published).

The development of complement-fixing antibody is strain dependent. SMADEL
and WaLL (1940) infected guinea-pigs with the WWS strain. Antibody was found
14 days later with peaks at five to six weeks after infection and quick dis-
appearance thereafter. With the RES strain antibody formation was delayed. After
repeated inoculations of LCM virusisolated by C. Armstrong, Howrrr (1937) found
marked complement-fixing activity in one of six guinea-pigs only. JOCHHEIM éf al.
(1957) experienced great difficulties employing the highly virulent WE strain. The
animals either died or had not been infected at all as was established by their death
following challenge. A few guinea-pigs could be immunized with heat, ultraviolet
light or formalin vaccines, or with partially neutralized virus. Complement-fixing
antibody, however, appeared irregularly and usually — though not always — in
low titers. LEPINE ef al. (1938a; 1938b) found complement-fixing antibody in none
of 12 infected guinea-pigs.

After the subcutaneous infection with the weakly pathogenic E-350 strain on
days zero and ten, HEsse and LEHMANN-GRUBE (unpublished) did not
detect complement-fixing antibody on day 17; on day 21 low concentrations had
appeared, which did not increase further. When the booster inoculation on the
tenth day was done with the highly virulent WE strain, again complement-fixing
antibody did not become demonstrable before day 21; it climbed higher, however,
reaching moderate titers on days 28 and 34 but began declining five days later.
Significantly higher concentrations of complement-fixing antibody with titers of
up to 512 were obtained by HRONOVSKY ef al. (1969) who had adopted a similar
regimen ; four and seven weeks after an intraperitoneal infection with the A strain
of LCM virus the animals were challenged with WE. No systematic study seems
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to have been done to investigate the reason for such discrepancies. From what we
know, the cause could lie either with the guinea-pigs or the virus strains. The
above mentioned observation, that antibody appeared later following infection
with RES than with WWS strain in apparently the same stock of guinea-pigs,
indicates that differences of the serologic responses between virus strains do
exist.

In contrast, neutralizing antibody appeared more regularly and significantly
later, i.e. five to eight weeks after infection; it also persisted longer (SMADEL
and WALL, 1940). The failure of BExNDA and CInATL (1964) to detect neutralizing
activity in guinea-pigs after infection with the avirulent strain “K”’ is unexplained.
In a more recent study reported from the same laboratory, moderate concentrations
of neutralizing antibody were detected in the sera of three of three guinea-pigs four
weeks after the intraperitoneal inoculation of the same virus strain. At seven weeks
the neutralizing indices had climbed to about logio two. At the same time the
complement fixation titers ranged from 256 to 512 and the immunofluorescing
titers were 128 in all three animals (HRONOVSKY et al., 1969). The duration of
persistence of neutralizing activity in guinea-pig sera seems to be unknown.

C. Monkeys

1. Signs of the Disease

In many reports, “monkey’” is used without qualification regarding the species,
though it may be assumed that either Macaca mulatta (M. rhesus ) or M. cynomolgus
(M.irus) was employed in most cases. There is general agreement that the LOM
virus is pathogenic for both these species and also for cebus monkeys (ARMSTRONG
and LiLLik, 1934). After inoculation into the brain, fever developed and remained
high for from three to ten days. It fell to subnormal levels at the time of death,
but recovery was the rule (ARMSTRONG and Litrie, 1934; Rivers and Scorr,
1936a). After peripheral infection, the clinical course was found to be less severe
(ArMSTRONG and WooLEy, 1937). However, LiLLie (1936b) reported that of
51 monkeys inoculated by various routes, 42 had died or were killed in extremsis.
This higher pathogenicity was also observed by FINDLAY and STERN (1936) who
employed the American strain of Armstrong as well as their own isolates. Only
one of nine rhesus monkeys inoculated intracerebrally, and one of two inoculated
intraperitoneally, survived. All four crab-eating macaques (Macaca irus)
succumbed after intracerebral or intraperitoneal inoculations. Death was preceded
by a sudden fall in temperature; neurological signs were minimal.

AgmsTRONG and LiLLIE (1934) investigated the cerebrospinal fluid from in-
fected monkeys and counted increased numbers of cells (“almost entirely lympho-
cytes”’). They noted that the disease induced in monkeys closely resembled Wall-
gren’s syndrome in man.

The French strain of virus caused a benign infection in monkeys, including
chimpanzees, even after intracerebral inoculation (LEPINE and SAUTTER, 1936;
LEPINE et al., 1937Dh). Fever developed in rhesus monkeys infected with the
Japanese isolate. In the majority of cases, no nervous system signs were seen but an
occasional animal became “‘paralytic and lethargic”” (Kasamara ef al., 1939). (The
identiy of the ‘“red-haired monkeys”, mentioned by KASAHARA et al., 1937a;
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1937b as being susceptible, is uncertain.) No clinical signs at all were elicited
by WIkTOR ef al. (1966) who inoculated rhesus monkeys intracerebrally or
intraperitoneally with three strains isolated from inadvertently infected cell
cultures.

The description given by DALLDORF et al. (1938a) for the disease produced in
rhesus monkeys by the distemper virus may be cited here because it was later
shown to be most probably due to an LCM virus contaminant (DALLDORF and
Dougrass, 1938). Independent of the route of infection, an acute febrile disease
followed which in half the cases was distinctly biphasic. Besides fever, the pre-
dominant signs were weakness, diarrhea, and emaciation. In the early phases,
rhinitis and conjunctivitis were sometimes found. Of 63 monkeys, three died with
encephalitis and one with pneumonia. In five rhesus monkeys infected intra-
cerebrally or intraperitoneally with LCM virus, strain M, by WENNER (1948)
tremulous movements, hyperexcitability, marked clumsiness, and a stiff gait
developed, accompanied by moderate fever, prostration, and inappetence. All
animals recovered. A sixth monkey showed no signs of disease after intravenous
inoculation.

In later reports, a decidedly higher virulence was noted, even when the same
strains were employed. MiLzER and LEVINSON (1949) reported that M. mulatta
uniformly succumbed to subcutaneous infection with as few as about 100 intra-
cerebral mouse LDs of strain J. P. virus. DANES ef al. (1963) injected Rivers’ WE
strain into M. cynomolgus and M. rhesus. Both species succumbed to the disease,
apparently with a high lethality. The effects of infection by inhalation were more
precisely determined. In M. cynomolgus less than 200 mouse LD5q caused viremia
and clinical signs and more than 350 LDsq were lethal. M. rhesus was found to be
even more susceptible, death ensuing after the inhalation of as little as 12 mouse
LDso. Clinical signs in these monkeys consisted of loss of appetite with reduction
of weight and fever which subsided shortly before death. X-rays, taken at different
times after inhalation, revealed bronchopneumonia in one animal only. CocGEs-
HALL (1939) reported on a highly virulent infection among the rhesus monkeys in
his laboratory. The disease was characterized by dependent edema, serosanguine-
ous nasal discharges, prostration, and a high lethality. This has remained a unique
observation and it is to be regretted that the identification of the agent was not
documented in greater detail.

2. Pathogenesis
a) Multiplication and Distribution of the Virus

After infection, the virus appears in the organs and in the blood stream (ArM-
sTRONG and LILLIE, 1934; ARMSTRONG, 1936; ARMSTRONG ef al., 1936; FINDLAY
and STERN, 1936; DALLDORF, 1939b; YAMADA, 1940a). The kinetics of viral
infection were followed in some detail by DANES ef al. (1963) after infection by
inhalation. In cynomolgus monkeys which had inhaled high or low doses the
virus was found in the lungs and hilar lymph nodes on the second day and
two days later in the blood. The same sequence was seen in rhesus monkeys,
except that the delay in appearance of virus in the blood was as long as six
days. Undoubtedly, virus multiplied locally before it was distributed into the
circulation.
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b) Pathology and Pathogenetic Mechanisms

Alterations of tissues and organs in infected monkeys have been frequently
described (ArMsTRONG and Lirrie, 1934; R1ivers and Scort, 19364 ; KASAHARA
etal., 1939; YAMADA, 1940a; DANES ef al., 1963). The most extensive investigation
was conducted by LiLrie (1936b). It will be recalled that the name given to this
virus was derived from the alterations it caused in.monkeys and mice, and a
lymphocytic choriomeningitis has remained the most conspicuous lesion in ex-
perimentally infected monkeys. Apart from some infiltration associated with the
vessel sheaths and a few foci of cellular gliosis, the brain was usually free from
lesions. The same was found in the spinal root ganglia. Only DANES et al. (1963)
reported meningoencephalitis in M. cynomolgus and, less severe, in M. rhesus after
inhalation infection with the WE strain. The lungs were often involved, with
congestion, serous exudation, interstitial edema, hemorrhages, and perivascular
lymphocytic infiltrations. Some animals had pyelitis and a cystitis which was
sometimes hemorrhagic. Liver changes were seen in a proportion of the monkeys.
These consisted of coagulative to fibrinoid hemorrhagic necroses, which could
also be found in the adrenal and parathyroid glands. Spleen, lymph nodes, and
bone marrow usually showed hyperplasia. All organs had focal interstitial or peri-
vascular lymph cell infiltrations, notably the kidney, epidydimis, uterus, Fallopian
tube, parathyroid, heart, tracheal mucosa, and, less often, the esophageal mucosa,
pancreas, adrenal, testis, ovary, and skeletal muscle.

In monkeys which had become infected accidentally and by an unknown route
during work with strains from fatal human cases, ARMSTRONG (1942) saw ‘‘a
marked destruction of liver tissue beyond anything seen with any of the many
mouse strains”’. KERSTING and LENNARTZ (1955) described encephalitis charac-
terized by inflammatory glial nodules which were distributed throughout the
brains of rhesus and cynomolgus monkeys after infection with LCM virus, strain
WE, but later it was found that the inoculum had consisted of a mixture of LCM
and rabies viruses (LENNARTz, personal communication).

3. Immunologic Response

After having survived an infection, monkeys are specifically protected when
challenged. The details of this immunologic conversion remain obscure. WooLEY
et al. (1937) infected monkeys and assayed their sera for neutralizing antibody
two or more weeks later. One of 17 was without measurable protective substances,
a finding which may be ascribed to the short interval between infection and
bleeding. This may also be the explanation for the failure of BENDA and CINATL
(1964) to detect neutralizing antibody by means of a mouse test in monkeys
rendered immune by infection with a nonpathogenic variant. No details were
given, but apparently sera were collected three or four weeks after the immunizing
infection.

SMADEL and WALL (1940) reported that high titers of complement-fixing anti-
body developed in monkeys during the epizootic disease described by CocGESHALL
(1939). The tests were performed with the isolate and not with a prototype strain.
JOCHHEIM et al. (1957) detected complement-fixing antibody in a rhesus monkey
up to two years after infection.

6*
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D. Syrian Hamster ( Mesocricetus auratus)

1. Signs of the Disease

SmapEL and WaALL (1942) infected hamsters intracerebrally or intraperito-
neally with the WE strain of LCM virus. Of 54 animals three became ill and died.
In two of these Klebsiella capsulatum was found, making the real cause of their
death uncertain. The authors concluded that ““while it cannot be said that hamsters
never die as a result of infection with the virus of choriomeningitis, it is evident
that such an occurrence is rare””. Neither WENNER (1948) who inoculated eight
hamsters intracerebrally with an isolate from mice, nor LEWIS et al. (1965) who
transplanted an inadvertently LCM virus-infected hamster tumor, nor WIKTOR
et al. (1966) who infected hamsters intraperitoneally or intracerebrally with cell
culture isolates saw clinical signs develop. Inapparent infection was also observed
by D. ARMSTRONG et al. (1969) who found their apparently healthy hamsters to be
infected with LCM virus. In contrast, RHODES and Crapman (1949) observed a
characteristic illness after the intracerebral inoculation of an LCM virus which
they had ‘“‘obtained from Dr. Smadel”. Six to eight days after infection, the
animals became ruffled, incoordinated, and jerky and lost weight. With large doses,
death occurred after 8 to 17 days. The intraperitoneal infection was followed in
most hamsters by flaccid paralyses of the hind legs; up to ten per cent died.
VoLkERT and HANNOVER LARSEN (1965a) infected newborn hamsters intraperi-
toneally with 10% LD3¢ of the Traub strain virus; of 33 animals 22 died during
the second and third week.

2. Pathogenesis
a) Multiplication and Distribution of the Virus

Five days after the intracerebral or intraperitoneal inoculation, SMADEL and
WaLL (1942) detected large amounts of virus in blood and organs (no test per-
formed earlier). During three weeks the concentration in the blood lay between
103 and 105 lethal doses (per ml?) and in brain and spleen titers of 106 and 108,
respectively, were reached. On occasion, virus was found in the brain as late as
eight weeks after the infection. Large amounts of virus were excreted with urine
and feces. The infection could be transferred five times by cerebral passages.
Further details were worked out by RuoDES and CHAPMAN (1950). After the
intracerebral inoculation, viremia became apparent at 24 (not at 2, 6 or 12) hours.
High titers of 105 LDsg (per 0.03 ml?) were reached and maintained until the end
of the experiment on the 12th day. In brain and cord virus multiplication com-
menced 24 to 36 hours after infection, attaining maxima of more than 106 LDs
(per 0.03 ml?) from two to five days; on the 12th day approximately 10> LDs
were still present. When newborn hamsters were infected intraperitoneally, the
virus multiplied for about four weeks, but then the titers declined. At the age of
three months, only traces were found in a few animals (VOLKERT and HANNOVER
LARSEN, 1965a).

b) Pathology and Pathogenetic Mechanisms

Pathology in infected hamsters was found to be all but absent. The spleens
were moderately enlarged. In the brains mild meningeal reactions were observed
consisting of a few scattered lymphocytes in the subarachnoid spaces (SMADEL and
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Warn, 1942). Normal histology of the brain was found by WENNER (1948) in a
hamster seven days after intracerebral inoculation of virus.

Little may be said of the pathogenetic mechanisms. RHODES and CHAPMAN
(1950) noted that infectivity was high in the organs before any signs of illness were
recognizable, which is reminiscent of the infection of the mouse where the same
phenomenon is interpreted as indicating that the disease is not caused directly by
the virus but rather results from an indirect interaction between host and pathogen.

3. Immunologic Response

Complement-fixing antibody appeared around the 14th day after infection; at
this time the complement-fixing antigen which had been present in the spleens
disappeared. Circulating virus disappeared after the fourth week and neutralizing
antibody appeared shortly thereafter. Both types of antibody persisted for at
least several months (SMADEL and WALL, 1942). After the infection of newborn
hamsters no complement-fixing antibody was detected for up to three weeks. It
then appeared and reached high titers at the age of six weeks. For some time both
virus and antibody were found to coexist in the blood (VOoLKERT and HANNOVER
LArsEN, 1965a).

E. Rabbit

As a rule, rabbits do not respond with overt disease after inoculation of LCM
virus, irrespective of the route. Even newborn animals were not killed by very
high virus inocula (VOLKERT and HANNOVER LARSEN, 1965a). Whether minor
alterations, such as elevation of the temperature, may ensue seems to be un-
known. ARMSTRONG (1942) noted that strains isolated from human fatal cases
produced fever in rabbits. According to SMADEL and WarL (1940), nursing
rabbits are retarded in growth when inoculated intracerebrally.

Roarr (1962) reported to have elicited a local inflammatory reaction in the
rabbit skin by inoculation of infected mouse brain containing at least 104 LDs0.
The response was not obtained by normal mouse brain. It was abolished by
heating and by the addition of antiserum. This phenomenon is reminiscent of a
virus-induced skin reaction in guinea-pigs (see Section V. B. 1) and the foot pad
reaction in mice (see Section V. A. 2); its exact nature is not clear.

It is not known to what extent the LCM virus multiplies in this animal.
KasaHara et al. (1937a) could not transmit the virus serially through rabbit
brains but succeeded in the testes. According to Yamapa (1940a), passages in the
rabbit brain were possible after the virus had multiplied once in the central nerv-
ous system of the guinea-pig. The data presented by OVERMAN and FRIEDEWALD
(1950) leave no doubt that the WE virus may multiply in the rabbit eye — though
not to high titers — after inoculation into the corpus vitreum. The infected eyes
reacted with a mild hyperemia which disappeared within 24 hours. A severe
alteration of the rabbit eye, consisting of conjunctivitis, iridocyeclitis, and keratitis,
following inoculation of a homogenate of WE virus-infected guinea-pig spleen into
the anterior chamber was described by BLANG et al. (1951b). The potency of the
virus inoculated was not specified, except that “‘a strong dose” was employed.
Undoubtedly, the amount of foreign material thus inoculated must have been very
high.
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JocHHEM ¢t al. (1957) found virus in the blood from days 4 to 16 after subcuta-
neous inoculation. This, together with the rapid development of complement-
fixing as well as neutralizing antibodies (see below) after a single inoculation makes
it likely that a true infection is established.

Complement-fixing antibody became detectable 11 days after the intraperi-
toneal inoculation and reached peak titers of 64 to 128 around the fourth week;
they were down again to 8 to 16 in as short a time as two weeks later (SMADEL
and WaLL, 1940). After one subcutaneous inoculation JocHHEM et al. (1957)
found complement-fixing antibody on the eighth day followed by an increase with
a peak after three weeks. Thereafter, the antibody levels decreased rapidly. The
quick disappearance of complement-fixing antibody was found to be the rule in
numerous rabbits which had been inoculated intravenously in this laboratory for
the purpose of producing antisera. Booster injections did not halt the decline
(JocHEEIM et al., 1957). Neutralizing antibody was demonstrable four to six weeks
after the intraperitoneal inoculation of the virus (SMADEL and WaALL, 1940).

No detailed study on the pathology seems to have been performed. SMADEL and
WarL (1940) noticed slight lesions in meninges and plexus after intracerebral
inoculations in a few instances.

F. Embryonic and Hatched Chick

BexaTson and WooLEY (1936) inoculated LCM virus (presumably the original
strain of Armstrong and Lillie) in various dilutions onto the choricallantoic
membranes of 11- to 12-day-old fertile chicken eggs and found virus in both
membranes and brains after seven days’ incubation at 37.5° C. Material from the
eighth alternating brain to chorioallantoic membrane passage contained virus in
low concentrations. TuBAKI (1940) worked with an isolate from a human case that
he inoculated either onto the chorioallantoic membrane or into the allantoic sac
of seven- to nine-day-old chicken embryos. After seven passages virus was
detected in all embryonal organs, with concentrations of 10¢ mouse IDsy (per
0.03 ml?) in the chorioallantoic membrane, 105 ID3¢ in the brain, and 103 IDjg
in liver, spleen, amniotic fluid, and blood. MmL.zER and LEvINsON (1942) cultivated
an isolate from a laboratory infection for ten consecutive passages in the chorio-
allantoic membrane of the developing chick embryo. Strain “T”’, which
resembled WE in many respects, was found by AricE and McNutt (1945) to
multiply in the tissues of chick embryos and their membranes after chorioallantoic
membrane inoculation, but the concentrations remained low even after eight
passages. High virus concentrations were found by Prick and VERLINDE (1947)
in the chorioallantoic membranes during the sixth egg to egg passage of a Dutch
isolate.

WHITNEY ef al. (1953) accomplished chorioallantoic membrane and yolk sac
passages and claimed to have attained adaptation. When inoculated by either
route, virus was found in the allantoic fluids, the membranes, and the embryos.
Its concentration was approximately ten times higher in the chorioallantoic mem-
brane than in the fluid. Transfer via the allantoic cavity failed.

A comprehensive study was reported by ToBix (1954). He inoculated the
chorioallantoic membranes of 10- or 12-day-old fertile eggs with high or low doses
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of the WE strain and with low doses of the 84 B (own isolate) virus. After an initial
drop and a latent period of at least 12 hours, multiplication was at least 104-fold.
Five days after a chorioallantoic membrane infection, virus was found in low
titers in all embryonic fluids and in higher titers in livers and brains. After am-
niotic infection, it was present in the amniotic fluid and in the brain (no other
organs tested). No growth occurred after allantoic or yolk sac inoculation. In spite
of the multiplication of the virus, passage experiments were not uniformly success-
ful. The WE strain was easily transferred from embryo to embryo during April
and May but not in October and November. Such fluctuation of susceptibility,
whether determined by season of the year or not, might have been the cause for
the failure reported by Haves and HARTMAN (1943) to passage the virus — pre-
sumably the WE strain — in the egg by chorioallantoic membrane inoculation.

All these observations show that the LCM virus may multiply in the fertile egg
but that it does so to a limited extent. However, the concentrations obtained are
usually high enough to be of use as an immunizing antigen or for the production
of complement-fixing antigen. Krarr and GorDoN (1947) transferred the virus
via the yolk sac, the chorioallantoic membrane, and the allantoic cavity. Not much
virus was found in the allantoic fluid, but the embryonal tissues contained
“considerable amounts”. Virus thus passaged was used by WHITNEY et al. (1952;
1953) for preparing complement-fixing antigen. Embryo and chorioallantoic
membrane suspensions were equally good sources; the allantoic fluids contained
no detectable complement-fixing antigen though infectivity was present. Antigens
from the 10th and 57th chorioallantoic membrane passages and the 31st and 33rd
yolk sac following 36 chorioallantoic membrane passages were of equal potency.
In contrast, ToBIN (1954) found no complement-fixing antigen in chorioallantoic
membrane, liver, or brain of chicks at any time after infection with high or low
virus inocula.

In most studies, infection of chick embryos was found to kill few of the hosts;
pathological alterations were all but absent (LiLLie, 1936a). In contrast, ALICE
and McNUTT (1945) observed a high mortality after inoculation onto the chorio-
allantoic membrane, with an increase following rapid transfers through the yolk
sac, although the titers in embryos and membranes did not reach higher levels after
as many as eight chorioallantoic membrane passages followed by 28 yolk sac
passages. Presumably strain characteristics may be held responsible for these
differences. Alternatively, the age of the embryo has to be taken into account.
VorxerT and HANNOVER LARSEN (1965a) found the Traub virus to be highly
virulent for chick embryos 7 or 11 days old when infected via the yolk sac; but
at age 15 days all of ten embryos survived 105 mouse LDsg and hatched normally.

Innewly hatched chicks which had been infected as 13-day-old embryos, BENGT-
soN and WooLky (1936) saw illness with quick recovery; one was born with “a
marked deformity of the leg”. ALICE and MoNuTT (1945) failed to detect virus
in hatched chicks which had survived the embryonal infection. In a more detailed
attempt, ToBIN (1954) infected 16-day-old embryos vig the chorioallantoic mem-
branes with 105 ID5¢ and found infectivity in the brains two and four but not 10,
14, and 18 days after hatching. Similar results were reported by Traus (1955)
who infected seven-day-old embryos with a strain, adapted by passages through
chorioallantoic membranes, and detected virus before and one day after hatching
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but rarely thereafter. Neither ToBin (1954) nor TrAUB (1955) demonstrated
significant concentrations of circulating antibody after hatching in birds which
had been infected during their embryonic stage. Since TraUB (1955) found no
neutralizing antibody in an adult rooster which had been inoculated repeatedly
with virus, this observation is not very meaningful. In newborn chicks, the virus
multiplied inapparently in brains and viscera after the intracerebral inoculation
and could be detected in high concentrations after 21 days but was absent three
weeks later (ALIcE and McNvUTT, 1945).

G. Other Nonhuman Vertebrates

Besides those already mentioned, representatives of a variety of species were
tested over the years for susceptibility to the virus. In most cases the intra-
cerebral route was chosen. The response of rats varied; some authors found them
to remain essentially free of disease (ARMSTRONG and LirLiE, 1934; LépINE and
SAUTTER, 1936; KAsAHARA ef ol., 1937a; LEPINE ef al., 1937a; KASAHARA et al.,
1939; BENDA et al., 1955; GLADK1J, 1965) whereas others saw signs of disease
(TrAUB, 1935b; 1936a; FINDLAY et al., 1936; FINDLAY and STERN, 1936; ALICE,
1945b; Arice and McNurr, 1945; WENNER, 1948). VOLKERT and HANNOVER
LarsEN (1965a) found newborn rats up to the age of five days to be highly sus-
ceptible. They then developed resistance and at the age of three weeks they survived
very high virus doses given intraperitoneally. Rats inoculated intraperitoneally
when one week old were viremic three weeks later indicating that the agent had
multiplied. At the age of three months no virus was present. High titers of
complement-fixing antibody developed. Mms (1969) confirmed the high sus-
ceptibility of immature rats; after the intraperitoneal inoculation of 106 LDsq of
the WE strain virus, all of 15 newborn animals were dead by day 11. After the
intravenous inoculation of 108 LDj3, into preghant females, part of the offspring
was infected, leading to death or runting, but most newborn animals were free
of virus and healthy.

Grapxk1y (1965) followed the virus, strain 92, in rat organs for up to 26 days.
His data indicate that multiplication might have occurred to a limited extent in the
brain after intracerebral and possibly in the spleen after intraperitoneal infection.
All other organs remained free or contained only traces of infectivity.

TrAUB (1936a) saw no signs of illness in intracerebrally inoculated pigeons.
FINDLAY et al. (1936; FINDLAY and STERN, 1936) mentioned that dog, ferret,
hedgehog, field vole (Microtus agrestis), bank vole (Evotomys glareolus), rabbit,
hen, canary, pig, and parakeet did not respond with disease to the inoculation.
No apparent disease was induced in dogs and ferrets by Darrporr (1939a), al-
though the virus was transmitted from one dog to a cage mate indicating that it
had multiplied. In an extensive follow-up study, DALLDORF (1943) infected 65
adult dogs by intracerebral, subcutaneous, intraperitoneal, or combined inocula-
tions and did not see signs of disease in any of them. In puppies, slight fever was
observed for seven to ten days. In most, but not all, dogs infected subcutaneously
complement-fixing antibody appeared. Neutralizing antibody developed ‘“‘to a
moderate degree’, and, again, there was spread of virus to other dogs. Slight fever
on the fifth and the 14th and viremia on the 11th day were observed by VER-
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LINDE (1946) in a dog inoculated intracerebrally with an isolate from a patient
in Holland.

DaArLLDORF (1939a) mentioned that the only alterations caused by the LCM
virus in dogs and ferrets were intranuclear inclusions in the suprarenal cortex.
They were also found in infected mice, guinea-pigs, and monkeys. Later, he
characterized them as being acidophilic, corresponding to Cowdry’s type B, and
considered them to be of diagnostic value (DALLDORF, 1943).

The animals responding with unspecified clinical signs were listed by ArM-
STRONG (1941) to include chimpanzees, monkeys, guinea-pigs, white rats, cotton
rats, rice rats, white and gray mice, and dogs. Signs in the dog contrast with most
other reports. Presumably, Armstrong’s experience with this animal was based on
experiments with isolates from three human fatalities, which were different in
many respects from other known strains of LCM virus (ARMSTRONG, 1942). ALICE
(1945b) found rabbits, cats, dogs, hens, pigeons, and newborn chicks to remain
free of signs.

Howrrt and vanN HErick (1941) tested the susceptibility of cotton rats
(Sigmodon) and mice (Microtus) to the WE virus by intracerebral inoculation.
Each were subdivided into three age groups: one to two, two to six, and over six
months, respectively. All of 23 M. californicus survived, irrespective of age.
Of 50 M. montanus, all nine of the old adults and all ten of the very young ani-
mals survived, while of 31 animals belonging to the immature adults 17 died. The
cotton rats were on the whole less resistant; significant numbers died in all age
groups, more in the case of S. hispidus eremicus than of 8. hispidus texianus.
WENNER (1948) reported that two of six cotton rats, inoculated intracerebrally
with strain “M” died; four remained healthy.

LAWRENCE et al. (1943) inoculated an LCM virus preparation intracerebrally
and intraperitoneally into two cats which did not develop apparent disease.
Attempts to recover the virus from their spleens were unsuccessful. According to
MAURER (1964), rabbit, hamster, squirrel, ferret, horse, and dog could be infected,
while cattle, pig, cat, and chick appeared to be resistant; no details were provided.

With strain ‘T — isolated in a guinea-pig which had been inoculated with
brain material from a sick cow — Arice and McNutr (1945) found that intra-
cerebral inoculation of baby pigs was followed by multiplication to high titers,
leading to disease in one and death in a second of altogether three animals. Two
further piglets which had received the virus via the conjunctival sac remained
healthy. One bull, one pregnant cow, and four calves were inoculated by various
routes but did not respond. In one calf, the tissues were found free of virus 30 days
later; no lesions had developed.

H. The Human Disease

1. Clinical Features

Wallgren, in 1925, drew attention to a clinical syndrome characterized by
(1) acute onset with definite signs of meningitis, (2) meningitic alterations of the
cerebrospinal fluid with a moderate to high increase of mononuclear cells, (3) bac-
terial sterility of the cerebrospinal fluid, (4) short and benign course without sec-
ondary complications, (5) absence of any other demonstrable etiology, and (6)
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absence of an epidemiological relationship with other infectious diseases known to
cause meningitis; he called it acute aseptic meningitis (“méningite aseptique
aigud”) (WALLGREN, 1925). When R1vERs and Scort (1936a) presented evidence
for an etiological relationship between the LCM virus and Wallgren’s syndrome
it was thought that this finding was generally applicable and that a new disease
entity had been established. Hence, ARMsTRONG and DickENns (1935; DICKENS,
1937) suggested that the term acute aseptic meningitis should be replaced by
“acute lymphocytic choriomeningitis”. In a comprehensive review of infectious
diseases written at that time REiMann (1937) expressed the view that acute
lymphocytic meningitis was “‘established as a specific infectious disease caused
by a filterable virus”.

It was soon realized by many, including the original authors, that Wallgren’s
syndrome had a multitude of causes among which the LCM virus did not even
play a major role (RIvers and Scorr, 1936b; ArmMsTRONG and WooLky, 1937;
Dominick, 1937; LuoccrEesi, 1937; Bamp and Rivers, 1938; Rivers, 1939);
nevertheless, the term was retained for years and, by implying a definite etiologic
relationship, caused considerable confusion in the literature (RasMUssEN, 1947;
STrRAUSS, 1948). Even recent accounts have not always been thoroughly expur-
gated from such sources of spurious evidence. Thus, in the 24th edition of Dor-
land’s Illustrated Medical Dictionary (printed in 1968) “acute aseptic menin-
gitis” and “lymphocytic choriomeningitis’ are used synonymously.

Our knowledge concerning disease caused by the LCM virus has come from (1)
natural infections (ARMSTRONG and DickENs, 1935; FINDLAY e al., 1936; ScoTT
and Rivers, 1936; Rivers and Scort, 1936b; ArMSTRONG and SWEET, 1939;
ARrRMSTRONG e al., 1940; ARMSTRONG, 1941; FARMER and JANEWAY, 1942;
MirzER, 1943; TREUSCH ef al., 1943; PRICK, 1946; Prick and VERLINDE, 1947;
BrooxsALER and SULKIN, 1948; Havens, 1948; IvANovVIcS ef al., 1948; GREEN
et al., 1949; MacCarrLumM, 1949; DUNCAN ¢t al., 1951 ; ADAIR ef al., 1953 ; NTHOUL
and LEcoMTE-RAMIOUL, 1953 ; PINTO and FERREIRA, 1954 ; SCHEID and JOCHHEIM,
1956a; ScHEID and JocHHEIM, 1956b; ACKERMANN and JANSEN, 1958; TRAU-
MANN efal., 1962 ; SCHEID et al., 1964 ; COHEN ef al., 1966), (2) accidental laboratory
infections (LEPINE and SAUTTER, 1938; ARMSTRONG, 1941; ARMSTRONG and
HorNiBROOK, 1941; MiLzER and LEvINSON, 1942; HavEs and HARTMAN, 1943;
Mivrzer, 1943; ArzELIUs-ALMm, 1951 ; ScHEID ¢t al., 1956a; Porsak and BARDOS,
1958; BauM et al., 1966 ; COHEN et al., 1966; D. ARMSTRONG ef al., 1969), and (3) in-
fections induced for therapeutic purposes (LEPINE et al., 1937b; LErINE, 1939;
Braxc et al., 1951b). Of the numerous reviewing articles only a few will be
mentioned: Kre1s (1938), Traus (1939¢), Carposo (1941/42a), FarmER and
JANEWAY (1942), SMADEL (1942a), KrE1s (1948), van Roovex and RHODES
(1948), LacorTE (1953), ScHEID (1957), PANoV ¢ al. (1963), LACORTE (1964),
SHVAREV (1964a), ScHEID (1965), WARREN (1965), RHODES and van Roovex
(1968).

The clinical signs are diverse. ARMSTRONG (1941) distinguished three major
forms: the “‘grippal or non-nervous system’, the “meningeal”’, and the ‘“meningo-
encephalomyelitic”” types, in which should be included encephalitides and ence-
phalomyelitides. A similar classification was proposed by ScHEID (1957) who
considered further subdivisions attempted by others to be of little value.
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Although ARMSTRONG (1942) had regarded its occurrence as uncertain, much
has been speculated on the “asymptomatic type”’, but not a single observation has
become available which would make such cases probable, and while we cannot say
definitely that they do not exist, subclinical LCM virus infections in man un-
doubtedly are rare.

The grippal type begins after an incubation time of 6 to 13 days. Fever,
malaise, muscular pain, sometimes accompanied by coryza and bronchitis, are the
predominant signs. It may run a remittent course with up to three spells. On
occasion, the disease is rather severe and may be taken for typhoid fever. The
significance of the grippal type is difficult to assess. Most of the reported cases
followed laboratory or therapeutic infections; few have been observed under
natural conditions. MILZER (1943) listed one case of “influenzal” disease among
nine LCM virus infections, and BALEK ef al. (1954) 2 among 16. It is difficult to
suppose that they would have been overlooked consistently if their occurrence
were frequent and it seems safe to conclude that they are rare.

One extraordinary observation is to be mentioned here. In people who worked
— unknowingly — with LCM virus-infected hamsters, BAUM ef al. (1966) saw an
LCM epidemic which affected ten persons out of a total of 30 involved. All had
severe ‘‘grippe-like’ illnesses with fever, headache, myalgia, anorexia, aching pain
in the chest. In none of the patients did meningeal signs develop. The cerebro-
spinal fluid, taken from one, was normal. During convalescence, unilateral orchitis
developed in three of nine men in the series. Arthralgias were invariably experi-
enced which, in two cases, led to frank arthritis of the hands. In two of the patients
generalized alopecia was recorded. Although the diagnoses were convincingly
based on virus isolations and antibody studies, the disease as well as its epidemi-
ology must be considered unusual in many respects. The authors assumed that the
virus had changed some of its properties in the course of passage in the hamsters.

By far the most frequent clinical manifestation of human infections with the
LCM virus, be it transmitted naturally or in the laboratory, is the syndrome singled
out by Wallgren (see above) which has been given various names in the past;
none is entirely satisfactory (ScHEID, 1948). I shall use the term abacterial
meningitis or, perhaps even more appropriate, LCM meningitis. Often preceded
by a prodromal stage which resembles the above-mentioned “grippe’, the
onset is acute with stiff neck, fever, headache, malaise, muscular pains. These
signs may remain mild and of short duration, or may be quite severe leading to
a considerable degree of prostration.

The demarcation between meningitis and meningoencephalitis is not sharp. In
this latter category we find a diverse multitude of signs grouped together in all
possible combinations. FINDLAY ef al. (1936) reported two such observations;
TREUSCH et al. (1943) one. In the patient with an abacterial meningitis described by
Prick (1946; Pr1OK and VERLINDE, 1947) the sixth cranial nerve was involved
indicating participation of structures other than the meninges alone. ScHEID and
JocHEEIM (1956a) saw a young woman who developed a severe encephalomyelitis
accompanied by an organic type of psychosis of a few days’ duration. One of the
laboratory infections (H.-L.W.) documented by ScHEID et al. (1956a) ran a severe
course of long duration, leading to meningoencephalitis and myocarditis with in-
volvement of liver and kidneys.
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An unusual observation was reported by ScHEID et al. (1968; ScHEID and
ACKERMANN, 1969). A 25-year-old man developed a disorder of the central nervous
system which in all respects resembled classical encephalitis lethargica (von Eco-
nomo). The isolation of the virus from the cerebrospinal fluid on the sixth day of
the disease and the increase of LCM-specific neutralizing and complement-fixing
antibodies leave no doubt as to the etiology.

Similar in some respects is the case of an encephalitis deseribed in detail by
SHEVAREV (1966). A 17-year-old girl from Leningrad fell ill during the latter part of
January, 1955. She showed improvement three weeks later, but in March a relapse
occurred which lasted until early in May. Throughout, psychopathological
alterations were prominent and it was stated that the illness had some resem-
blance with encephalitis lethargica. Physical examination revealed few organic
signs; the cerebrospinal fluid, taken twice, was practically normal. LCM virus was
isolated in mice and guinea-pigs from blood and cerebrospinal fluid as late as 11
weeks after onset. At the same time LCM-specific complement-fixing antibody was
present while neutralizing antibody could not be detected. One month later, anti-
body was demonstrated with both methods. (This is an interesting and unusual case
and it may be regretted that the virological part of the report contains no details.)

Likewise insufficiently documented are the three cases of encephalitis described
by NAYAK ef al. (1964) from India. In two of them the only virological information
is complement fixation titers of 64, 29 and 39 days and 25 and 40 days after onset,
respectively. In the third patient the titer rose from 16 on the fifth to 64 on the
14th day after onset.

Participation of the brain in the disease process is not rare. In a carefully
controlled study, which will be further dealt with below, MEYER et al. (1960) proved
that 58 cases of acute infectious diseases with involvement of the central nervous
system were caused by the LCM virus. Twenty had been clinically diagnosed as
encephalitis; of these, six had paralyses (no details).

None of the above syndromes is diagnostic of infection with the LCM virus,
and this is even more so with a variety of clinical signs which have been found
in association with LCM virus infections, usually with one of the major types. Sore
throat, sometimes severe pain in the back and the extremities, pleural pain
aggravated on respiration, constipation, skin rash, swelling of the lymph nodes,
loss of weight do not give hints as to the etiology. Nor is the usual absence of an
increase of the erythrocyte sedimentation rate of much help. Changes of the
differential blood count are likewise not regularly observed, although they may
occur. In 14 of 16 people infected subcutaneously, MOLLARET et al. (1939) observed
initial leukopenia and granulocytopenia followed by lymphocytosis and mono-
cytosis and, finally, by eosinophilia and sometimes a transitory leukocytosis.
During the second meningitic and/or fever phase the blood picture had usually
returned to normal. The authors assumed that alterations are the rule but are
overlooked because examination of the blood is usually not done before the onset
of meningitis, by which time the blood has returned to its regular composition.
An unusual case in many respects is the fatal illness of one of the laboratory work-
ers described by SMADEL et al. (1942) where leukopenia was a prominent finding.
Bauwm et al. (1966) detected leukopenia in four out of four investigated cases of
influenza-like illnesses due to laboratory infections (see above).
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The combination of encephalitis with unilateral orchitis and unilateral parotitis
in a proved case of LCM virus infection (LEwIs and Urz, 1961) is so far unique. The
identity of the virus which was isolated by WENNER et al. (1949) from a patient
with meningitis and epididymitis is doubtful. It behaved unlike a true LCM virus,
because mice were ill as early as four days after infection and rabbits developed
signs of disease and died after intracerebral inoculation.

THIEDE (1962) reported on cardiac involvement in two patients. One had an
abacterial meningitis, the other a nonspecific disease for weeks with malaise, fever,
cough. Apparently no virus isolation was attempted, but the titer of complement-
fixing antibody rose in one patient from negative on the second day of illness to
eight in two weeks and fell again to nondetectable levels; it rose from four at six
weeks to 32 two and three weeks later and became negative five months after
onset in the other patient.

The great majority of infections with LCM virus in man run a benign course.
Sequelae, even in severe cases of encephalitis, are scant or absent. All three of
Scheid’s patients with encephalitis, to whom we have already referred, recovered
almost completely (ScHEID and JocHHEIM, 1956a; SCHEID ef al., 1956a; 1968).
TREUSCH ¢f al. (1943) saw complete recovery in a case of severe acute encephalitis
with deep coma, hemiparesis, and hemianesthesia. Among the 69 proved and ten
probable infections with LCM virus described by Rasmussen (1947) and Apair
etal. (1953), four had muscle weakness or paralysis, and two of these died. The fate
of the two survivors was not documented. Of the 20 cases of LCM encephalitis
etiologically diagnosed by MEYER ef al. (1960) only one retained ‘severe
sequelae” (no details). No further information was supplied by MiLzer (1943)
about the one case of paralytic poliomyelitis and two of the three cases of acute
encephalitis which he listed as having been caused by the LCM virus. Patient B.D.,
with encephalitis, recovered completely (TREUSCH ef al., 1943). Of the three cases
of encephalitis of NAYAK et al. (1964) two regained their health while one remained
mentally deteriorated.

Of uncertain significance is the case of BARKER and Forp (1937). A woman had
an abacterial meningitis in February, 1936. The LCM virus was isolated from her
spinal fluid at the Rockefeller Institute. No serology was reported. Initially, the
convalescence was uneventful, but in early summer, ¢.e. three to four months later,
pareses and sensory disturbances developed from the fourth thoracic segment
downward. Lumbar punctures, X-rays, and finally surgical exploration revealed
that thick fibrous masses had completely obliterated the subarachnoid space.
After a transient improvement, a complete paraplegia developed in November.
KeLtHER (1944) described an encephalitis with pronounced mental alterations
lasting for more than eight weeks which was preceded by a “‘grippe”. The
virus was isolated by Dr. C. Armstrong in a ferret (!) but no serology was done
to confirm the etiology. SHVAREV (1964b) described 12 cases of LCM virus
infections with syndromes varying from paraplegia and polyradiculitis to
arachnitis and similar affections, all indicating severe involvement of the
spinal cord and its membranes. The etiological diagnoses were based on positive
results from neutralization and/or complement fixation tests, but the description
of the virological part of this study is not detailed enough to permit critical
evaluation.
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Other reports must be treated with even greater circumspection. The etiology
of a disease in a dancer, clinically resembling poliomyelitis with lasting paralyses
(MacCarrLum and FinprAY, 1939), was not unequivocally identified. The virus was
isolated under unusual circumstances and antibody did not develop. The alleged
LCM virus etiology of one case with fever, pneumonia, a severe encephalitis, and
an ascending transverse myelitis leading to paraplegia without improvement after
seven months (COLMORE, 1952) must likewise be questioned.

In several reports, the LCM virus has been accused of causing recurrent or
chronic diseases with involvement of the central nervous system (LEICHENGER
et al., 1940; BARER, 1947; BieriNg and Kocr, 1952; CrANG ef al., 1954). None
may be considered as having been sufficiently documented, with the exception of
case “‘B.D.” described by TREUSCH ¢t al. (1943).

The question remains as to how often LCM virus infections of man are lethal.
In view of the fact that this virus often causes accidental infections in the labora-
tory, the answer is of prime importance for those who, either voluntarily or be-
cause of professional commitments, are in frequent contact with this virus. Fortu-
nately, the answer may be given with confidence that death due to LLCM virus is
an extremely rare event. In fact, there is only one fatal case in which the diagnosis
could be based on the demonstration of a significant increase of antibody (see
below).

SMADEL et al. (1942) reported the case of a laboratory worker who died after a
nonspecific illness with high fever, generalized aches, sore throat, cough, and vomit-
ing. There were no cerebral signs. The predominant laboratory finding was a
leukopenia. A man who had assisted at autopsy fell ill eight days later and died
with high fever, necrotizing pharyngitis, diffuse erythematous rash, bleeding from
the mucous membranes, and hemorrhages. Again, there was no apparent involve-
ment of the central nervous system. In both cases, LCM virus was recovered from
various organs by inoculation into guinea-pigs as well as mice. Isolations were
repeated from specimens which had been kept at —70° C. Furthermore, material
from one of the cases was sent to another laboratory where the virus was again
found. There can be no doubt as to the etiology in both cases; but they certainly
represent unusual observations. The clinical features were not at all characteristic
of an infection with LCM virus. The virus, too, differed from most isolates; in
experimentally infected mice and guinea-pigs the histopathology was unusually
severe with a true encephalitis besides the choriomeningitis which is seen as a
rule. The source of this virus remains obscure, unless one assumes that both cases
were included among the three fatalities reported by ArRMSTRONG (1942), two of
whom had been engaged in the preparation of a distemper vaccine, and the third
had assisted at autopsy. Armstrong also reported some unusual properties of
these isolates; they produced fever in rabbits and white mice and caused a paretic
disease in a dog besides being more potent for guinea-pigs and mice. (Both Drs.
Armstrong and Smadel are deceased making it impossible to establish that the two
cases of Dr. Smadel were identical with two of Dr. Armstrong’s three fatalities,
although it is almost certain that they were.)

In view of the scarcity of reliable information on the histopathology of human
LCM diseases it is to be regretted that the virological part of the report by Mrt-
oeELL and KroTz (1942) on what was initially a moderately severe meningitis in
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a 12-year-old child who later died is rather scant. Nevertheless, this may be
considered one of the few proved cases. ADAIR et al. (1953) reported two fatalities
among the 79 cases of diseases of the central nervous system which had been
caused (“‘proved” or ‘“‘probable”) by the LCM virus. They died 14 and 19 days,
respectively, after onset, one with a clinical picture resembling Landry’s ascending
paralysis, the other with bulbar paralysis. The immediate cause of death was
respiratory failure. The diagnosis was established in both cases by isolation of the
virus from the brains and was ‘“‘confirmed in one instance by the presence of
complement-fixing antibodies for LCM in serum drawn from the patient three
days before his death” (no further details). It is to be regretted that the autopsy
findings have not been published. Another fatality which may be said with some
confidence to have been caused by the LCM virus was described by ScHEID ef al.
(1956Db). A 50-year-old man died with meningoencephalitis on the 33rd day after
onset. The LCM virus was isolated in guinea-pigs from blood taken on the 30th day.

Of considerable interest is the report by KoMROWER et al. (1955) concerning a
transplacental infection. A pregnant woman, resident in an area where human
infections with LCM virus had previously occurred, fell ill with meningitis eight days
before delivery. No virus isolation was attempted but the titer of complement-
fixing antibody rose from 2 to 64. The newborn infant died at the age of 12 days.
LCM virus was isolated from its liquor cerebrospinalis taken on the 11th day.

Viers and WARREN (1937) based their diagnosis on the clinical picture only,
and this was death from an acute abacterial meningitis; no laboratory confirma-
tion was attempted. The agent isolated by MAcHELLA ef al. (1939) in guinea-pigs
from a fatal case of abacterial meningitis was not further characterized and its
assumed identity with the LCM virus was not confirmed. No attempts were made
by StLcorT and NEUBUERGER (1940) to establish the etiology in three fatal cases
which had been clinically diagnosed as acute lymphocytic choriomeningitis. Like-
wise of doubtful significance is the alleged LCM virus etiology of a chronic meningo-
encephalitis seen in a man by SKOGLAND and BAKER (1939) who died nine years
after the onset (BAKER, 1947). The mere demonstration of a “‘strong concentration
of antibodies against the virus of lymphocytic choriomeningitis” six weeks and
ten months after onset may not be accepted as establishing an etiologic connection
in the light of what we know of nonspecific inhibitors in normal human sera (see
Section V. H. 3).

The report on a ‘“malignant lymphocytic choriomeningoencephalitis” with
death described by VEDDER (1948) has to be mentioned, even though the author
himself discounts the LOCM virus as the cause. Probably because of its title, the
paper has occasionally been included in discussions on human infections with the
LCM virus. The same is true of the report by Jua and PRIEVARA (1948) on two
fatal cases of abacterial meningitis; LCM was not mentioned by the authors.

With some anxiety I shall now turn to the three fatal cases documented by
Howarp (1940;1940/41). They were described together with five additional patients
who survived. Virus was recovered from all eight in guinea-pigs. It was never isolated
in mice on direct inoculation, nor were these animals later immune to challenge.
From guinea-pigs the disease could be transferred to mice, where it appeared to
be a typical LCM. If this may seem unusual, then the isolation history from patient
F. F. who had died of encephalitis appears even more bizarre. Cerebrospinal fluids
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had been repeatedly negative. First attempts with brain tissue had likewise
failed. Renewed attempts at isolation with brain tissue, which had been stored in
glycerin for 71 days (at room temperature ?), in mice, three-day-old chickens, and
one guinea-pig resulted in the death of the guinea-pig after 14 weeks and the death
of one of six chickens ten weeks after inoculation. Material from these animals
killed guinea-pigs but did not cause illness in mice. It was not before three guinea-
pig passages had been performed that mice showed signs typical for LCM. Certain-
ly, this report may not be accepted as being convincing and it becomes even less
so when one reads that no neutralizing antibody appeared in either of the two
patients where assays had been performed up to many weeks after infection.

In concluding this part of our discussion it may be said that since its discovery
in 1934 this virus has been proved responsible for the death of not more than eight
people (including the baby, and assuming an overlapping of Armstrong’s and
Smadel’s reports).

Inasmuch as the syndromes for which the LCM virus may be responsible are
also caused by a multitude of other agents, a diagnosis which is based on clinical
considerations only or on insufficient virological evidence may not be accepted.
Several such reports have already been discussed ; others have yet to be mentioned.
The two cases of acute benign lymphocytic meningitis described by Coriis (1935)
were not investigated virologically ; the author himself does not discuss the possible
etiology. None the less, they are often referred to as LCM virus infections. The
three cases of acute abacterial meningitis, thought by VIETs and WARREN (1937)
to have been caused by the LCM virus, were not substantiated by laboratory
investigations. The same is to be said of the seven patients seen by Hammes (1938)
of which three were described in some detail. One typical case of abacterial menin-
gitis in a congenital syphilitic, thought by Howarp (1939) to have been caused
by the LCM virus, may not be accepted in spite of isolation of the virus. The
neutralization tests with the patient’s serum were highly irregular, being positive
with a specimen from the 45th week but negative earlier and ten weeks later. In
contrast, good protection was obtained with the control serum obtained from
Rivers’ case, “W.E”. FINDLAY et al. (1940) isolated the LCM virus from the cerebro-
spinal fluid and the blood of a patient with an abacterial meningitis, but they
failed to confirm their finding by serology. None of the eight cases described by
Howarp (1940; 1940/41), including the three fatal ones (see above), was
unequivocally shown to have been caused by the LCM virus. Most probably, the
virus came from the guinea-pigs used for isolation attempts. In two patients, the
repeated search for neutralizing antibody remained unsuccessful for as long as 26
and 29 weeks, respectively, after onset. Nor may the case of a “recurrent lympho-
cytic choriomeningitis” described by LEICHENGER et al. (1940) be accepted. Though
an LCM virus was isolated in guinea-pigs, this was not accomplished before the
13th week during the fifth meningeal attack. The clinical picture did not resemble
an LCM meningitis; indeed, it was unlike any common virus disease. No
antibody was demonstrable in the patient’s serum 13 and 17 weeks after onset.
The two cases of abacterial meningitis seen in the clinic of Dr. Merrit (MERRIT,
1940) were insufficiently documented. The same must be said of the one case of
Brown (1941) who did not confirm the infection by demonstrating antibody in the
patient’s serum.
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No virology was done by AVERY (1945) who described the occurrence of a
“‘benign lymphocytic choriomeningitis” in four patients. The agent isolated in
mice by vaN HasseLT (1946) from the liquor cerebrospinalis of a patient with
meningitis was serologically not identified. No virology accompanied the descrip-
tion by SREENIVASAN (1946) of lymphocytic choriomeningitis in eight patients
living in the Singapore area. The same is true of the two cases of MUrPHY (1947)
where reduction of chlorides in the cerebrospinal fluids was the main result of
laboratory tests. In Rumania, MESROBEANU and BaADENsKI (1948) detected by
guinea-pig inoculations filterable agents — which they believed to be strains of
LCM virus — in the cerebrospinal fluids of two patients suffering from abacterial
meningitis. In neither case was the identity of the isolates established, nor did the
authors perform serological tests with the patients’ sera. The same is to be said of
the one case documented by ScHEID (1948). GRATER and RipER (1949) reported
successful treatment with aureomycin in two cases of lymphocytic chorio-
meningitis. In patient C. V. a doubtful diagnosis was based on the complement
fixation test, which ‘“‘was negative on admission but became positive six weeks
later”. No laboratory data substantiated the alleged etiology in patient J.T.
An outbreak of “acute benign lymphocytic choriomeningitis” in Australia was not
substantiated by laboratory data (PArrY, 1951). The same must be said of an
epidemic in England, documented by Smita and Kinsgrra (1951). The etiology
of a meningitis in a woman living in Budapest, ascribed by MoLNAR (1953) to the
LCM virus, is uncertain. An agent was isolated by mouse inoculation of the cerebro-
spinal fluid of the 18th day of illness which, presumably, was an LCM virus. Also,
complement-fixing antibody increased from a titer of eight in the third to 32 in
the tenth week and fell again to eight in the 35th week. However, no neutraliza-
tion was obtained with the same sera, which should have become demonstrable
in spite of the fact that they had been heat-inactivated. No virological observa-
tions supported the claim of JacoBIus and GraNDI (1954) that a case of lympho-
cytic choriomeningitis was associated with a bilateral acute chorioiditis. Of the
six alleged cases of lymphocytic choriomeningitis diagnosed in eastern Slovakia
by MITTERMAYER ¢t al. (1958), only one may be accepted to have been presumably
caused by the LCM virus. The eight patients whose abacterial meningitis was
blamed on the LCM virus by CARDENAS and YEpEz (1959) were not investigated
in the laboratory. The LCM virus etiology of one case of meningitis which was
characterized by a low sugar content of the cerebrospinal fluid (KincAip, 1967)
was insufficiently proved.

2. Pathology and Pathogenetic Mechanisms

From the above it is obvious that an analysis of the pathology in man rests
essentially on two post mortem examinations. The findings in the cases reported by
ARMSTRONG (1942) and SMADEL e al. (1942) and in the baby after transplacental
infection (KOMROWER et al., 1955) should not be expected to be characteristic of
infections with this virus.

MrrcuerL and Krorz (1942) found the brain to be swollen to such an extent
that a cerebellar pressure cone resulted. The arachnoid was extremely thickened
and infiltrated with large numbers of “‘chronic inflammatory cells”, predominant-
ly lymphocytes and macrophages. With the severely involved vessels the inflam-
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mation extended into the Virchow-Robin spaces. There was little infiltration of
the nervous tissue itself but many ganglion cells in the cord — fewer in the brain —
were swollen and the nuclei broken up into numerous minute, deeply stained
globular masses which were concentrated at the cellular periphery. SCHEID et al.
(1956b) described a hemorrhagic necrotizing meningoencephalitis which was less
severe in the central portions of the brain where perivascular infiltrations and glial
proliferations predominated. Capillary hemorrhages were found in the cerebellar
cortex, in the nuclei of the pons, and in the nuclei of the cranial nerves with a
pattern which was said to be reminiscent of an encephalitis due to Rickettsia
prowazeki. The cases of ARMSTRONG (1942) and SMADEL ¢t al. (1942) were unusual in
that alterations of the central nervous system were all but absent. Indeed, in the
first patient of Smadel, the immediate cause of death did not become apparent
even at autopsy. The other two had widespread focal hemorrhages and, at least
one of them, inconspicuous loose cuffs of lymphocytes about small vessels in sever-
al organs, most frequently present in the liver, meninges, and brain substance. The
pathology in the 12-day-old baby who had died after transplacental infection was
characterized by extensive subarachnoid hemorrhages and a hemorrhage in the
occipital lobe. The leptomeninges were congested and the subarachnoid space
— remote from the bleeding — was infiltrated with lymphocytes. Infiltrations
were also found beneath the ependyma of the third, fourth, and lateral ventricles
(KOMROWER et al., 1955).

Little is known of the multiplication and the distribution of the virus. After the
subcutaneous infection of man, Lépine and his collaborators found virus in the
blood for two to three weeks. In the cerebrospinal fluid it became detectable only
when a meningitis followed, being present a few days (hours?) before onset of
meningeal signs (LEPINE ef al., 1937b; LEPINE, 1939). According to BLANC ef al.
(1951Db), the blood was infectious from the 5th to the 20th (occasionally 25th)
day and the liquor cerebrospinalis from the 15th to the 20th (occasionally the
25th) day. Virus appeared late in the urine (LEPINE, 1939). In two patients,
immunity was tested by challenge inoculation 375 and 577 days after primary
infection and protection was found to be complete (LAPINE, 1939).

As regards the mechanisms leading to LCM disease in man, no positive state-
ment may be made with our present knowledge. However, there is nothing to
indicate that disease and pathology are allergic phenomena similar to the ones in
the mouse (see Section V. A. 4. b) apart from a possible immune component which
is known to be involved in many diseases of viral origin (ALLISON, 1967 ; LEHMANN-
GRrUBE, Med. Klin., in press). BLaxc ef al. (1951 D) elicited a marked skin reaction
in humans by intradermal inoculation of the WE strain of LCM virus and a lesser
reaction by inoculation of the Armstrong virus. This is a very interesting
observation, but further details are needed before its significance can be evaluated.

3. Diagnosis

As with all virus diseases, the etiology may be established by either the isolation
of the agent and/or the demonstration of an increase of specific antibody during
convalescence. Ideally, corresponding results are obtained with both methods.
Often, however, for technical or other reasons, the investigator has to be content
with one or the other. Antibody carries more weight of evidence, but its demon-
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stration usually takes longer and is also more laborious. Virus isolation, on the
other hand, is as a rule more conveniently accomplished but is beset with risks
of contamination either in the laboratory or from the host. In the case of LCM
virus, the erroneous isolation from the assay host is a well recognized hazard,
although I believe that its significance is often exaggerated. Spurious isolation
due to insufficiently controlled laboratory conditions seems to occur much more
frequently which, understandably, is not often mentioned when an isolation is
appraised. For this reason, I firmly believe that a conclusive diagnosis should rest
on serological evidence, in particular where the clinical course is unusual.

Two methods are generally available for the demonstration of LCM-specific
antibody; the complement fixation test and the neutralization test. Technical
considerations will be dealt with under Section XI. B. Here, their application
to the diagnosis of human infections is to be evaluated. Complement-fixing anti-
body appears relatively early, i.e. one to three weeks after onset, sometimes even
sooner, and reaches its maximum at five to eight weeks. In most cases it declines
quickly and has disappeared within six months after onset (LEPINE ef al., 1938a;
1938b; SMADEL and WaLL, 1940; RASMUSSEN, 1947; ScHEID ef al., 1959). There-
fore, its presence is of considerable diagnostic value (RASMUSSEN, 1947 ; LEvi et al.,
1951; SHVAREV, 1964a). There are, however, cases on record where the comple-
ment fixation tests gave positive results for years (MiLzer and LEVINSON, 1942;
SCHEID et al., 1959; SHVAREV, 1964a).

According to SCHEID ef al. (1959), false positive results have not to be feared
when clean antigen preparations are used. However, ZASkovA et al. (1959) tested
162 presumably normal human sera with antigens prepared in three different
ways and found them to be positive — though always in low titers - in 6.7, 8.6,
and 15.4 per cent, respectively. Furthermore, it appears to be likely that many of
the positive results obtained with the complement fixation test on sera from
apparently healthy persons (see Section X. C) did not result from recent infec-
tions with the LCM virus but were rather due to technical inadequacies.

It is of importance to be aware that complement-fixing antibody does not
always appear in cases where the infection is proved otherwise (SMADEL and WALL,
1940; RasmUssEN, 1947; CoHEN ef al., 1966). Why complement-fixing activity
should be present in most cases but not in all is unknown. One could think
of the appearance of blocking antibody which combines with the antigen but fails
to fix complement, as has been shown to occur with a variety of virus antigens
including that of LCM virus by ScamipT and HARDING (1956). Of course, technical
faultiness can never be ruled out completely.

The unequivocal demonstration of a high concentration of LCM-specific com-
plement-fixing antibody suggests, but does not prove, a recent infection with this
virus; the same may not be said of neutralizing antibody (Fig. 14). This appears
later and rises more slowly but remains at its maximum for years, possibly for life
(SMaDEL and WaLL, 1940; Mirzer and LEVINSON, 1942; SCHEID et al., 1959; 1960).
In earlier reports, it was often stated that even in proved cases neutralizing
antibody not always appears. Thus, LEPINE ef al. (1938a) noted that it is “in-
constante, tardive et souvent fugitive”. Other authors arrived at similar conclu-
sions. However, thanks mainly to the efforts of W. Scheid and his colleagues at
Cologne, this assumption cannot be maintained any longer. If during an alleged
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LCM virus infection neutralizing antibody remains undetected, it is the diagnosis
that should be questioned and not the significance of the negative results.

It is conceivable that some such failures might have been due to heating of
the serum. In contrast to most other viral antibodies, neutralizing antibody direct-
ed against the LCM virus is heat labile (LEEMANN-GRUBE i al., 1960 ; SCHEID ¢f al.,
1960). ACKERMANN et al. (1962) titrated eight human immune sera before and after
inactivation for 20 minutes at 56° C and measured decreases of the neutralizing
indices which ranged from 0.7 to 2.1 log;g with a mean of 1.51. This marked heat
lability led Ackermann and his colleagues to study the effect of storage on neutral-
izing titers in human immune sera. Two weeks at 22° C or six weeks at 4° C slightly
but definitely reduced the titers. If whole blood was kept at either temperature,
no loss had become apparent after 14 days. The ability to neutralize the LCM virus

Fig. 14. LCM virus-specific neutralizing antibody in man after infection with the LCM virus.
Curves represent antibody titers in sera of six patients taken repeatedly at intervals after onset of the LCM disease,
Adapted from W. Scageip, R. ACKERMANN, K.-A. JoouHEIM, and F. LEEMANN-GRUBE: Arch. ges, Virusforsch. 9,
295 (1960)

was well maintained for months at —30° C and results were even better after
lyophylization. It is noteworthy, although unexplained, that the reduction in titer
after heat inactivation was partly reversed by storage at 4° C or 22° C. Since, as
we have seen, unheated sera lose some of their activity under these conditions,
heat-inactivated and native aliquots of sera showed essentially the same neutral-
izing capacities when kept for some time at 4° C or 22° C. Storage was found not
to affect complement-fixing activities in sera (SCHEID ef al., 1959).

It has been stated that a single high titer of neutralizing antibody is of little
diagnostic significance. This conclusion is based not only upon its prolonged per-
sistence, but even more on the fact that most human sera contain natural inhibi-
tors for the virus. When mixed with undiluted normal serum, the virus titer may be
reduced up to 100-fold (SCHEID et al., 1960). We know little of these ‘nonspecific”
substances. Just like “specific’’ antibody they are affected, but not eliminated, by
heat inactivation. Again, loss due to heating is recovered on storage at 4° C or 22°C
(ACKERMANN et al., 1962). In fact, so far no difference has shown up between these
two types of neutralizing activities apart from the concentrations they attain.
Whereas neutralizing indices climb to logyp three or even five during the course
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of an LLCM virus infection, the “natural” inhibitors remain low. Their upper limit
has been set at an index of logy g two (SCHEID et al., 1959), which appears to be justi-
fied from an analysis of the data (SCHEID et al., 1960) on which this figure was
based; the calculated mean from 36 determinations is 1.230 and the standard
deviation of the single observation is 0.356. Thus, 95 per cent of all “natural”
neutralizing indices may be expected to fall into the range of 0.52 to 1.94. As
judged from their low titers, it may be assumed that the ‘“neutralizing activity”’
in human sera, described by PoLLIKOFF and SIGEL (1952 ; personal communication)
to be heat labile, was actually such nonspecific inhibitors. These considerations
make it obvious that antibody in a single human serum is of little diagnostic
value. The only true serological proof of an infection with LCM virus in the imme-
diate past lies in detecting the appearance or increase of antibody. However, as
is the case with a few other viral infections, a tentative diagnosis may sometimes
be based on a comparison of complement fixation and neutralization titers
(SCHEID et al., 1959; PaNov et al., 1963).

The detection and titration of LCM-specific antibody by means of indirect
immunofluorescence may turn out to be of value. Immune bodies detected by
immunofluorescence were found to appear faster than those detected by either the
complement fixation or neutralization tests and to remain demonstrable for at
least three years with a slow decrease (TRIANDAPHILLI et al., 1965; COHEN et al.,
1966). It is disconcerting, though, to read that in three of the twelve cases no
neutralizing activities became apparent. Possibly, the sera were taken too early,
namely “3 months or less after onset”. It is to be hoped that more data will
become available so as to permit an appraisal of this method’s relative value (see
also Section XI. B. 3).

There remains the question of optimal conditions for the isolation of the virus.
Blood in the febrile stage and blood and cerebrospinal fluid in the stage of cerebral
manifestations are reliable sources. Occasional reports on successful isolations
from other materials (MacCarrum and FINDLAY, 1939) should be regarded with
suspicion, although, in at least one case, isolation from the throat has been re-
ported from a patient whose infection was also proved by isolation of the virus
from the blood and significant increases of complement-fixing, neutralizing, and
immunofluorescing antibodies (COHEN et al., 1966).

For isolation of the virus, of the available hosts the laboratory mouse is un-
doubtedly the animal of choice. Its susceptibility is high and clinical signs after
the intracerebral inoculation may — for all practical purposes — be regarded as
pathognomonic. I have not heard of any strain of virus which would not cause
typical signs and death in mice with the possible exception of “E 53 which
induced illness of two to three days duration but death only in a few animals
(WIKTOR et al., 1966). The high dose phenomenon (see Section V. A. 4. b) may
safely be disregarded where isolation from clinical materials is concerned.

Although often recommended, the guinea-pig is less suitable for primary
isolation. Most strains do not cause an overt disease in these animals and serology
and protection tests have to follow. However, all but a few LCM virus strains
multiply in these animals, and 1 have become aware of only three isolates which
apparently did not infect guinea-pigs (ACKERMANN et al., 1964; KUPPER et al.,
1964/65; SCHEID et al., 1966).
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I. Immunization Procedures

1. Active Immunization with Vaeccine

LCM virus vaccines were prepared repeatedly, either to provide a model for
the study of virus vaccines in general or to serve certain experimental purposes.
TrAUR (1938a) immunized guinea-pigs with two or three injections of a formalin-
inactivated preparation derived from a variety of guinea-pig tissues after infec-
tion with a virulent strain. In most animals the protection was partial. Vaccines
prepared from infected mouse tissues had no or little immunizing capacity, even
though the original infectivity had been equally high. Also, the admixture of a
formalin-treated normal mouse tissue suspension to a vaccine prepared from
infected guinea-pig tissues reduced the immunizing capacity of the latter. The
inhibitory effect was less marked when the foreign tissue vaccine was inoculated
simultaneously on the opposite side of the body. Traub explained this phenom-
enon as immunologic competition. Vaccinated guinea-pigs developed neutralizing
antibody faster than the unprepared controls when challenged with active virus.
Occasionally, such animals had infectious virus and antibody together. A high
degree of protection was produced in some guinea-pigs by prolonged treatment.
These animals had neutralizing antibody before being challenged. SMADEL and
WaLL (1940) did not succeed in inducing complement-fixing or neutralizing activ-
ities or specific protection in guinea-pigs by inoculation of noninfectious soluble
antigen or partially purified, heat-inactivated virus. The repeated inoculation of
a formalin vaccine induced complement-fixing antibody, specific protection, and
neutralizing antibody, in this order. ALicE and McNuTT (1945) achieved partial
resistance in guinea-pigs by treatment for many weeks with a vaccine prepared
by incubating infected guinea-pig tissue suspensions with 0.15 per cent formalin
for 24 to 36 hours at room temperature. MILZER and LEVINSON (1946; 1949) failed
to immunize mice or monkeys by inoculation of virus which had been inactivated
by heat or formalin. They had some success by treatment of the virus with
ultraviolet light (see Section II. A). Mice inoculated at weekly intervals three
times intraperitoneally with this vaccine resisted approximately 200 intracerebral
LDsg, and rhesus monkeys, vaccinated in a similar manner, resisted ten sub-
cutaneous LDsg. The extremely flat course of the curve relating virus doses and
mortality in vaccinated mice is noteworthy. It indicates a great variation between
these mice in their response to the infection as contrasted with the untreated
control animals.

Great difficulties were encountered by JocHHEIM et al. (1957) who tried to
render guinea-pigs resistant to challenge with the highly virulent WE strain by
treatment with the virus after its inactivation by heat, ultraviolet light, or forma-
lin. No protective immunity was achieved by STock and Francis (1943) in mice
inoculated with virus inactivated by ether or a fatty acid.

After having determined the optimal conditions for the formalin inactivation of
the WE virus grown in monkey kidney cell cultures, BENDA and CINATL (1964)
compared the immunizing efficacy of this vaccine with that of a relatively non-
pathogenic strain, “K”. Prior infection with K protected guinea-pigs against large
doses of WE aerosols. In contrast, the vaccine rendered only part of the animals
resistant. When the guinea-pigs were challenged intraperitoneally, the average
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index of resistance (logio) was 1.8 after treatment with WE vaccine but 4.0 to
5.0 after infection with active K virus. The low protection afforded by the vaccine
as compared with infection was reflected by the pattern of virus multiplication
after infection by inhalation with WE. While in the nonimmunized controls the
infection spread rapidly, in the animals immunized with K the challenge virus
was found only irregularly and in trace amounts. After immunization with WE
vaccine and challenge with low inhalation doses of WE, the virus was similarly
suppressed. With larger doses there was an initial delay, but by the second or third
day the difference with the controls had vanished and both groups died at the
same time. Monkeys could be protected to some extent against the lethal inhalation
infection with WE by prior subcutaneous immunization with WE vaccine. Using
an intracerebral mouse test, no neutralizing antibody was detected in sera from
guinea-pigs or monkeys after vaccination with formalin-inactivated WE. This
finding is of uncertain significance because no neutralizing activities were detected
in the sera of guinea-pigs or monkeys after immunization with active virus K.

TrAUB (1964) inoculated mice six times with a formalized vaccine at four to
seven days intervals. A moderate degree of protection was achieved against
challenge virus, but neither neutralizing nor complement-fixing antibody became
detectable.

2. Passive Immunization with Immune Serum

No experimental details were supplied by Traus (1939b) who stated that in
mice the intravenous inoculation of hyperimmune guinea-pig serum three hours
before intracerebral infection reduced lethality. Mirzer and LEviNsoN (1946;
1949) protected mice and guinea-pigs with monkey hyperimmune or human con-
valescent sera, respectively. Mice were spared if treated within 48 hours after in-
fection. In guinea-pigs which received the serum two days after the virus the only
effect was a prolongation of their life. TREUSCH ef al. (1943) saw a beneficial effect
of pooled human sera given in large quantities intravenously to a patient with
“recurrent” encephalitis due to the LCM virus. According to NIKOLITSCH and
FENJE (1959 ; NIKOLITSCH, 1959), treatment with immune serum reduced viremia
and prolonged the lives of virus-infected guinea-pigs.

Treatment of mice intraperitoneally or subcutaneously with rabbit hyperim-
mune serum rendered them free from the general disease following foot pad in-
oculation. This protection was complete when the serum was given during the
time period eight days before till five days after the virus inoculation. Even six
days after infection, the mice could be partially protected. Significantly, the local
reaction was not influenced by the antiserum. In such animals the virus had not
spread throughout the body. No passive protection was possible of the general
disease following the intracerebral or intraperitoneal inoculation of the virus
(RocEr and ROGER, 1965b; 1966).

BENDA (1964) studied the effect of y-globulin, prepared by precipitation from
rabbit and sheep hyperimmune sera, on infection of guinea-pigs by inhalation of
virus. The neutralizing indices of the 0.5 per cent solution ranged from logio
three to five. After the intramuscular injection of 0.1 g per kg body weight of
+-globulin peak neutralizing activities in the recipient sera ranging from logip 1.5
to 2.0 were obtained after 48 hours. The protection afforded was slight; increases
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in survival were achieved only with minimal infectious doses and with large a-
mounts of globulin administered before or immediately after the virus. When the
treatment was delayed or when the infectious dose was increased some prolonga-
tion of survival time ensued. Passive immunization of guinea-pigs only slightly
retarded the development of infectivity in various organs.

VI. Treatments Inhibiting Virus Multiplication or Abolishing
Signs of Disease

In a previous chapter (see Section V. A. 4. b) the evidence has been summarized
for our belief that the LCM disease of the mouse does not result from direct damage
to the cells in consequence of the virus infection but rather from an allergic inter-
action between the host and some new antigen(s). Thus, treatment may be
expected to succeed on two levels: (1) by suppression of virus multiplication and
(2) by inhibition of the immunologic response of the host. Numerous examples
have been cited which prove that mice may be saved by immunosuppression (see
Table 5). In contrast, no evidence exists which would indicate that the disease in
other species, and notably in man, likewise results from an immune conflict. Hence,
immunosuppression may not be expected to result in a therapeutic success in
species other than M. musculus.

1. Inhibition of Virus Multiplication

The extract of Sambucus sieboldiana inhibited the intracerebral multiplication
of both encephalomyocarditis, strain Col. SK, and LCM viruses. Multiplication of
the Col. SK virus was reduced throughout the observation period, but the concen-
tration of the LCM virus was lower only during four days following the infection;
on the seventh day it could not be distinguished from that of the controls (Furvu-
SAWA et al., 1968a). No further attempts to inhibit virus multiplication ¢n vivo
have come to my attention. Actinomycin D, halogen-deoxyuridines, 6-azauridine,
and arabinosylcytosin were tested in vitro. The effects of these compounds have
been discussed when dealing with the composition of the virus (see Section I1. D).
Prav and Camyre (1968) observed inhibition of multiplication of LCM strains
CA 1371, WCP, and Traub in HeLa cells by 2-(e-hydroxybenzyl)benzimidazole
(HBB). The rate of inactivation of the virus was not influenced by the drug and
adsorption onto the cells was not inhibited. No effect on virus multiplication was
seen by guanidine-HCI at concentrations as high as 700 p.

Further experiments tn vitro with a variety of natural and synthetic substances
were performed by FurRusawa ef al. (1964), CUTTING ef al. (1965), FurUsawa and
CurrtinG (1966), and Furusawa et al. (1967). These studies cannot be evaluated
because the LCM identity of the used virus, which was the cell culture-adapted
strain NY 621, is doubtful (see Section IX).

2. Abolition of Signs of the Disease

In the mouse a great number of measures have become known which reduce
or even abolish the signs of the LCM disease. Most of them act by immunosuppres-
sion (see Section V. A, 4.b). With other treatments, the mode of action is less
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clear. ROSENTHAL et al. (1937) tested several sulfonamides and found prontosil
to be effective. Though this may seem surprising, a synoptic analysis of the data
from the six individual experiments reveals that, in all, 44 of 84 (=52.4 per cent)
treated mice survived but only 12 of 94 (=12.8 per cent) controls, a difference
which is highly significant at p <<0.01. Presumably, at the near toxic doses used,
prontosil led to some immunosuppression, thus preventing clinical signs to devel-
op. Of the experiments performed by ToomEy and Taracs (1944) with prontosil
and neoprontosil, which seem to contradict Rosenthal’s results, three are of no
use because all controls died together with the virus-infected animals due to toxi-
city of the drugs. In three more experiments in which prontosil was tested in mice
and neoprontosil in mice and guinea-pigs no therapeutic effects were demonstra-
ted although toxic levels of the compounds were employed.

Paxov and RemEzoOV (1960) protected mice by oxygen. Best results were ob-
tained if, two days after intracerebral infection, the animals were kept for five to
ten hours under pure oxygen with a pressure of one kg/em2. But treatment
begun as late as five days after infection, ¢.e. immediately prior to the onset of
illness, had some effect. In 3 of 37 mice thus protected, X-irradiation or cold
water shock applied 30 days later induced typical disease during which virus was
demonstrated. In the animals which did not respond to provocative measures
no virus was found. Of 40 protected mice, 11 succumbed to intracerebral challenge
30 days later. Furthermore, it was said that in Os-treated mice less virus was found
(no data). No explanation was given towards the possible mechanism.

Interesting although unexplained is the observation of SIKORA et al. (1968) that
mortality of mice was reduced by 50 per cent if the animals had been stressed by
avoidance learning or hunger prior to the intracerebral infection with LCM virus.
One would like to know whether the lymphatic system of these mice was affected
such as is known to be the case following treatment with cortisone or severe stress
(DoUugHERTY, 1952; IsHIDATE and METCALF, 1963).

Protection of mice from LCM death was reported by Furusawa and his col-
leagues to result from the subcutaneous inoculation of extracts from Narcissus
tazetta, and Magnolia kobus, bulbs and buds, respectively, and propionin, a sub-
stance prepared from Propionibacterium freudenreichic (Furusawa and CurriNg,
1966; FURUSAWA ef al., 1967; 1968b). Partial purifications were accomplished by
RAMANATHAN ef al. (1965/66; 1966) and Furusawa et al. (1967). Although all
three preparations markedly reduced the lethality of LCM virus-infected mice,
none was found to inhibit the multiplication of the virus; titers in the brains of
treated mice were equal and in the blood even higher than in controls. Nor were
the protected mice depressed in their immunologic reactivity. On the contrary,
higher titers of LCM-specific complement-fixing antibody developed in the
treated animals. The development of hemagglutinins and hemolysins to sheep
erythrocytes was temporarily depressed by N. tazetta extracts but not by the other
preparations (FUrRUsAWA et al., 1968b). Propionin B1, as used in these experi-
ments, was further purified and characterized by RAMANATHAN ef al. (1968) who
showed the active principle — called 41B-I =fraction D — to have a molecular
weight greater than 100,000 but smaller than 200,000. It contained ca 15 per cent
protein and ca 50 per cent carbohydrates and was thought to be possibly a glyco-
protein.
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A further plant preparation, an extract from the bark of Sambucus sieboldiana,
was also found to be active against LCM in mice. This drug retarded the multipli-
cation of the virus in the mouse brain (FURUsSAWA ef al., 1968a). Otherwise we
have not a hint as to the possible mode of action of these natural products.

Reports dealing with the therapeutic efficacies in human cases of aureomycin
(GrATER and RIDER, 1949) and sulfanilamide (LEICHENGER et al., 1940) are not
conclusive because the diagnoses were based on insufficient evidence (see Section
V.H.1).

VII. Interierence Phenomena

An investigation into the question how the presence of one virus affects the
host’s ability to deal with another is one way to obtain a better understanding of
the relationship between the agent and the infected organism. This is particulary
true in the case of viruses, such as that of LCM, which by themselves are not
pathogenic for the cell they have invaded. In evaluating experiments of this sort,
a clear distinction must be maintained between homologous and heterologous inter-
ference, i.e. interference between identical or closely related and unrelated viruses,
respectively.

A. Homologous Interference

1. Experiments Performed in vivo

A peculiar but highly significant aspect of the multiplication of LCM virus is
that it is self-limited. When a newborn mouse is infected, the virus multiplies
initially unchecked but, after having reached a certain maximum concentration,
further propagation is limited such as to maintain an equilibrium between newly
produced virus and virus lost due to excretion and inactivation (see Section
V.A. 3). In these mice, closely related viruses are excluded from multiplication.
One of my own unpublished experiments may be cited to illustrate this statement.
The strain E-350 of Armstrong is of low pathogenicity for guinea-pigs, whereas
strain WE of Rivers is invariably fatal in these animals. Two seven-month-old
carriers, congenitally infected with E-350, were tested for viremia by mouse
titration; per ml of blood, 1059 and 108-1 ID5, were detected. They were then
inoculated intraperitoneally on four consecutive days with WE virus, each one
receiving altogether more than 1010 ID5. Three weeks after the last WE injection,
viremia was unaltered as determined by mouse titration, but the assay in
guinea-pigs revealed that the blood of one mouse possibly contained a trace of
WE, while the other animal was entirely free from it. A similar experiment with
identical results had been performed by TrRAUB (1961 b) who employed strains with
differing pathogenicities for newborn mice.

A striking example of homologous interference in adult mice was reported by
Rowe (1954). When inoculated intraperitoneally, his ““Armstrong’’ strain induced
the production of pleural and ascitic fluids. In contrast, the “Institute” strain was
virtually nonpathogenic when inoculated by the same route. After the simulta-
neous intraperitoneal inoculation of both strains in various proportions, significant-
ly less fluids were produced, even if relatively little interfering virus had been
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admixed. If the “Institute” strain virus had been heat-inactivated, no interference
became demonstrable.

Homologous interference may be inferred also from observations reported by
Mims and SUBRAHMANYAN (1966) using the fluorescing antibody technique. They
failed to detect an increase of LCM virus antigen in the cells lining the cerebro-
spinal fluid spaces of the brain and the venous sinusoids of the liver (Kupffer’s
cells) in intracerebrally or intravenously superinfected carrier mice in spite of the
fact that little antigen was present.

2. Experiments Performed in vitro

As in the mouse, the multiplication of the .LCM virus in cultured ecells is self-
limited. Homologous interference is marked to the extent that the multiplication
of a superinfecting identical or related virus is fully excluded (TrAUB and KEsTING,
1964; Mims and SUBRAHMANYAN, 1966; LEEMANN-GRUBE, 1967a; LEHMANN-
GRURE ¢t al., 1969).

Limitation of multiplication and homologous interference both in vivo and in
vitro are probably closely related phenomena. The underlying mechanism is
unknown. It is almost certainly not a matter of exhaustion of the infected cells,
which are otherwise functionally intact (see Section ITI. A. C) and, furthermore,
are fully able to support the multiplication of unrelated viruses (see Section VII.
B. 2). It is probably also distinct from “immunity” in lysogenic bacteria (BER-
TANI, 1958); approximately five per cent of clones derived from an established
carrier colony were free of virus but were readily infected, which excludes any
inherent resistance (LEEMANN-GRUBE et al., 1969). In cells infected in vitro with
LCM virus, a small proportion always remained free of antigen as determined by
immunofluorescence (SLENCzKA and LEHMANN-GRUBE, unpublished). With our
present knowledge, the simplest interpretation of these phenomena seems to be
a feedback mechanism, which is mediated either by a soluble substance or by
incomplete forms of the virus produced and released together with the virions by
the infected cells. TRAUB and KEsTING (1964) searched for the presence of material
able to inhibit virus multiplication in lymph node and mouse embryo cell cultures
in media from infected lymph node cultures rendered free of infectivity by
centrifugation and thermal inactivation at 36.5° C; none was found. Similar
attempts of our own (unpublished) have likewise failed so far. Bexson (1962)
claimed to have demonstrated the existence of an interfering substance in
chronically infected L cells, the nature of which is unknown.

So far no evidence has come to light which would support the hypothesis ad-
vanced by Mims and SUBRAHMANYAN (1966) that in a carrier mouse with its
marked homologous interference all cells are infected “in the sense that they
contain viral nucleic acid and may be capable of producing antigen”.

B. Heterologous Interference

1. Experiments Performed in viveo

In a previous chapter the evidence was cited concerning the direct effects of the
LCM virus on its host cells, and the conclusion was reached that the metabolism
of the LCM virus-infected cell is not impaired to any measurable extent. If this
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is true, heterologous interference in LCM virus-infected cells should generally be
absent although not necessarily in each combination.

SmapEL and WALL (1942) passaged LCM and St. Louis encephalitis viruses
together intracerebrally in hamsters. After five transfers large amounts of both
viruses were found in the brain. SINkOVICS (1955) reported that the multiplication
of influenza A virus, strain PR 8, in the mouse lung was not affected by simultaneous
infection with LCM virus.

TrAUB and KEsSTING (1964) assayed vesicular stomatitis virus in normal and
persistently LOM virus-infected mice and obtained the same final titers. They
noticed, however, that the period between inoculation and appearance of the
disease as well as the survival time were prolonged in the carriers. VOLKERT ef al.
(1964) failed to detect differences in susceptibility to the 17D yellow fever virus
between normal AKR mice, AKR carriers, and AKR carriers adoptively
immunized with immune syngeneic lymphoid cells. HorcHIN and CINtTs (1958)
found LCM virus carrier mice to be susceptible to ectromelia virus. MimMs and
SUBRAHMANYAN (1966) titrated ectromelia virus in normal and persistently in-
fected mice with equal results. Superinfection did not change the pattern of
immunofluorescing LCM virus antigen in sections from liver or brain. Also,
mousepox immunofluorescence in these organs was not influenced by persistent
LCM virus infection.

These observations indicate lack of heterologous interference, but this is not
always true. A well-documented case is that of eastern equine encephalomyelitis
(EEE) virus. TraUB (1961Db) titrated this virus and found carrier mice to be less
susceptible than normal controls. WAGNER and SNYDER (1962) observed a moder-
ate degree of resistance to EEE virus in mice previously inoculated intranasally
with the WE strain of LCM virus. The resistance persisted for about eight days and
disappeared part passu with the LCM virus. Congenital and neonatal carriers were
also slightly less susceptible to EEE virus inoculated intraperitoneally. Some
further studies on this phenomenon were performed by TraUB (1962a). He
titrated the EEE virus intracerebrally in three groups of mice: (1) normal adults,
(2) adults immunized with LCM virus by peripheral inoculation followed by
cerebral challenge, and (3) LCM virus carriers. In all of six experiments the titers
in the persistently infected animals were lower than in the controls with a mean of
0.6 logip (four-fold). Surprisingly, the titers in the LCM-immune mice were de-
creased to the same extent, although the brains of parallel mice contained only
traces of or no LCM virus infectivity at all at the time the titrations were done. The
degree of resistance decreased as the interval between the intracerebral challenge
with LCM virus and the intracerebral inoculation of EEE virus increased, but some
resistance was found even when the mice had been inoculated with LCM virus by
the subcutaneous route. Carrier mice were also significantly protected against
western equine encephalomyelitis and St. Louis encephalitis viruses (HorcHIN and
Cinrrs, 1958; LEwis and CLAYTON, 1969b).

Darrporr et al. (1938b) reported on a sparing effect of canine distemper virus
on poliomyelitis in rhesus monkeys. Later it was found that the distemper virus,
which came from infected dog organs, contained LCM virus. Since LCM virus
alone had the same effects as the mixture of both viruses, it was concluded that
the clinical signs as well as the interference with poliomyelitis, recently ascribed
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to the distemper virus, had in fact been caused by the LCM virus (DALLDORF and
Douarass, 1938). More extensive experiments on the sparing effect of LCM virus
infection on experimental poliomyelitis in monkeys were reported by DALLDORF
(1939 b). After various routes of inoculation, the LCM virus strain employed caused
a disease which was distinet from poliomyelitis. In monkeys with established LCM
disease no clinical signs developed after the intracerebral inoculation of the polio-
virus. Moreover, in contrast to the controls, the cervical portions of the spinal
cords were free of poliovirus, but they contained LCM virus. Also, few or no lesions
typical of poliomyelitis developed. The same effects were obtained when poliovirus
and LCM virus were given simultaneously but not when the poliovirus infection
preceded the inoculation of the LCM virus. While the conclusion that the multipli-
cation of poliovirus was suppressed by the LCM virus infection is convincing, the
same cannot be said about the reverse. In fact, the data indicate that the
multiplication of the LCM virus was not significantly affected by the concomitant
poliovirus infection.

Darrporr and WHITNEY (1943) observed that the paralysis caused in young
hamsters by the intracerebral inoculation of MM, a member of the encephalo-
myocarditis group of viruses, could be prevented by the prior intracerebral injec-
tion of other “‘rodent paralyzing viruses’ including LCM and polioviruses. RHODES
and CHAPMAN (1949) were unable to detect a sparing effect of poliovirus on the
paralysis due to MM. They did confirm, however, that the disease in hamsters
following the intraperitoneal inoculation of MM was reduced if the animals had
been inoculated intracerebrally at least four days previously with LCM virus. Also,
inoculation of MM protected hamsters from the LCM disease, but the data support-
ing this conclusion are less convincing. Further experiments by RHopES and CrAP-
MAN (1950) revealed that some protection was afforded if MM was inoculated as
late as 30 days after the LCM virus. In hamsters thus protected, MM multipli-
cation in viscera, cord, and brain was reduced 100- to 1000-fold. In contrast,
the multiplication of the LCM virus was not affected by the presence of MM virus
in the tissues. Survivors from interference experiments resisted both LLCM and
MM virus inoculations 30 days later. Whether this resulted from active immunity
or represented still existing interference could not be decided. RHODES and CHAP-
MAN (1950) concluded from their results that the LCM virus had altered a
considerable number of the host cells, thus preventing multiplication of MM
virus.

In the experiments just described, animals infected with the LCM virus were
superinfected with viruses known to have direct destructive effects on the host
cells. In another group of experiments the effects on viral neoplasias were evalu-
ated. NADEL and Haas (1955; 1956) studied the influence of LCM virus on the
course of leukemia in guinea-pigs and mice. L.2 Bleukemia of CongDoN and LoRENZ
(19564) was transplanted into inbred “Strain 2 guinea-pigs, which invariably
resulted in the animals’ death. Subcutaneous infection with a moderately patho-
genic L.CM virus during the period two days prior till seven days after transplan-
tation prolonged the average survival time of the guinea-pigs from 18.3 to 32.5
days. Also, the onset of splenomegaly was slower and local tumor growth was
retarded. Sequential injection of other viruses (St. Louis encephalitis, influenza,
or yellow fever) did not afford a further benefit. No protection by LCM virus
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inoculation was seen in previously LCM virus-immunized animals, nor did heated
virus affect leukemia. Thus, LCM virus multiplication was necessary for protection
to develop. Similar experiments in mice with a mouse leukemia gave inconclusive
results because of the (unprecedented) high pathogenicity of the LCM virus alone
after subcutaneous inoculation.

I am not aware that attempts have been made to clear up the etiology of
L2B leukemia. This has been done successfully, however, in the case of L2C,
another transmissible lymphatic leukemia which originated at about the same
time as L2B in the same strain of inbred guinea-pigs (CoNgpoxn and LORENZ,
1954). Ju~aeBLUT and Kopza (1963a) demonstrated that transmission was
possible with various materials from leukemic animals after cellular disruption,
high speed centrifugation, and filtration through bacteria-retaining filters. They
also found that the agent was inactivated by heating for 30 minutes at 56° C,
ultraviolet- and X-irradiation, and by treatment with ether or phenol, and it may
safely be concluded that it is a virus. Interference experiments with L2 C leukemia
and an LCM virus strain, recently isolated from guinea-pigs, were performed by
JuNgEBLUT and Kobpza (1963b); they confirmed and extended the reports by
NapEL and Haas on L2B. If LCM virus was inoculated intraperitoneally con-
currently or up to eight days after L2C, all guinea-pigs but one out of a total of 26
in 19 experiments had prolonged latent periods and three of them survived.
Interference was found to be mutual; no LCM disease developed if L2C had also
been inoculated. Five days after simultaneous inoculation, LCM virus but not
L2C could be transmitted with the animals’ blood; at 22 to 33 days the reverse
was true. Apparently the two agents interfered with each other’s multiplication.
This is also indicated by the findings that all three survivors developed
leukemia when challenged later and that in leukemia resistant guinea-pigs or
mice the course of LCM was not influenced by L2C. (It should be mentioned
that some of these experiments had been done with an L cell-adapted LCM
virus, the true identity of which must be regarded as doubtful — see Section
IX))

Other experiments which belong in the same category are those performed with
Rauscher leukemia in mice by BARSKI and Youx (1964; You~N and BARSKI,
1966). Inoculation of the Rauscher virus into adult BALB/c mice resulted in a more
than 95 per cent incidence of leukemia. The intraperitoneal inoculation of the
Armstrong strain of LCM virus prolonged the latent periods before first signs be-
came apparent, prolonged the survival times, and reduced the overall incidence
to approximately 75 per cent. The protective effect of the LCM virus was most
marked when it was given one to two days before the Rauscher virus; protection
was Insignificant when given concurrently or one to three days later. In newborn
mice, the protection afforded by infection with LCM virus was even more marked.
At the same time the pathogenicity of the LCM virus seemed to be enhanced ; more
newborn mice receiving both viruses died with typical LCM signs. It is noteworthy
that in Rauscher virus-infected controls which had escaped leukemia high levels
of neutralizing antibody developed and none of eight responded with leukemis
upon challenge. In contrast, in mice which had been protected by LCM virus no
neutralizing activity to Rauscher virus could be detected, and in all of 13 which
were challenged leukemia developed. Apparently, in these animals leukemia did
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not develop because of the exclusion from multiplication of the causative agent
by the concurrent infection with the LCM virus, a conclusion which was also
drawn in the LCM-L2C system described above. Attention must be drawn
to the finding, however, that in one of two mice inoculated with both viruses
as newborns and in one of two mice inoculated as adults, Rauscher virus was
found 117 and 89 days, respectively, later. LCM virus was found after neonatal
inoculation only.

A further case in point, which may or may not be related to the phenomena
just described, is the sparing effect of persistent LCM virus infection upon tumor
induction with polyoma virus (HorcHIN, 1962a). Groups of newborn mice were
inoculated either with LCM virus on day one followed by polyoma virus on day
two of their life, or with polyoma virus only on day two. The tumor incidence after
ten months in the group receiving both viruses (four per cent) was significantly
lower than in the polyoma virus-only controls, where it was 35 per cent. This result
is the more significant as the experiment was done with the UBC = WE strain of
LCM virus (personal communication by Dr. J. Hotchin) which has been found by
Mims and WaiNwricHT (1968) to cause immunosuppression in mice. Inasmuch
as tumor formation due to neonatal infection with polyoma virus is increased by
thymectomy (Law and Ting, 1965) or injection of antilymphocytic serum
(ArrisoN and Law, 1968) one might have expected augmentation rather than re-
duction of tumor formation.

In this context, an observation reported by FiNDLAY ef al. (1938) may be
mentioned. These authors isolated a ‘‘pleuropneumonia-like organism”, strain
“Ls”, from LCM virus-infected mice. When injected by itself intracerebrally to
mice no signs of illness became apparent, but when Ls was inoculated together
with other agents, e.g. LCM virus but also agar (!}, “rolling disease” developed.
In these mice no signs typical of LCM were seen. Since mice inoculated intracere-
brally with the LCM virus alone fell ill as early as the fourth day, these findings are
of uncertain significance.

2. Experiments Performed in vitro

According to HorcriN and CiNiTs (1958), cytopathic effects in chick embryo
cells due to western equine encephalomyelitis virus were slightly retarded by prior
infection with LCM virus, strain WE. LCM virus-infected HeLa cells were not
protected against cellular destruction caused by poliovirus. By the same criterion,
ACKERMANN (1961a) did not notice interference of LCM virus with Coxsackie B4,
vesicular stomatitis (VS), and herpes viruses in mouse embryo cells or with polio-
virus in FL cells. WAGNER and SNYDER (1962) found L cells, persistently
infected with the WE strain virus, to exhibit a “moderately increased resistance”
to superinfection with the VS virus. This was not confirmed by LEEMANN-
GRUBE (1967a) in an cssentially identical system. In a later study, VS and vac-
cinia viruses were found to multiply in L cells persistently infected with the E-350
strain of Armstrong just as well as they did in the control cells. When employed
for a plaque assay, carrier cells were found to be slightly less susceptible to
VS and ME viruses (LEEMANN-GRUBE et al., 1969). It is doubtful whether
this reduced susceptibility of the carrier cells to two RNA viruses was caused
by the presence of LCM virus. At the time these titrations were performed,
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persistently infected and uninfected control cells had been passaged in parallel
for approximately 17 months. During this time deviations between the two lines
were bound to develop and the influence the LCM virus might have exerted is
unknown.

Traur and KEsTING (1964) titrated eastern equine encephalomyelitis and
VS viruses in tube cultures of mouse lymph node cells infected either in wvivo
(derived from carrier mice) or ¢n vitro with the LCM virus and found no differences
to the controls. MiMs and SUBRAHMANYAN (1966) employed embryo fibroblast
cultures from carrier and normal mice and found them to be equally susceptible
to Semliki Forest and encephalomyocarditis viruses as determined by plaque
titration. In contrast, cultivated macrophages from carrier as well as from normal
mice infected in vitro exhibited slightly reduced susceptibility to the ectromelia
virus as judged from the development of ectromelia-specific immunofluorescence,
which was convincingly shown not to be due to the production of interferon by
the LCM virus-infected cells. WIKTOR et al. (1966) detected mutual interference of
rabies and LCM viruses in BHK-21 cells, which might have been due to the cyto-
pathic effect exerted by the latter.

When introducing the subject of heterologous interference, it was pointed out
that the metabolic state of LOM virus-infected cells was such that the course of
a superinfection with an unrelated virus should not be altered to any significant
extent. As regards cells infected in witro, this expectation was borne out by the
experimental evidence. In the animal, however, a number of well-documented
examples of heterologous interference are on record. No satisfactory explanation
can be given at the present time which would account for these interference
phenomena. LCM virus does not cross react immunologically with any of the
viruses with which it interfered. Nor are true interferons produced by LCM virus-
infected cells (see below). One could think of a competitive exclusion of certain
superinfecting viruses, but not of others, from some metabolic pathways due to
prior usurpation by the interfering agent.

Alternatively, in particular where tumor formation was affected, the LCM virus
might have caused damage to the target cellsleading to a reduction of their prolifera-
tive capacities as suggested by NADEL and Haas (1956) in the case of the retarda-
tion of leukemia in guinea-pigs. Finally, an interferon-like substance induced by the
LCM virus in vivo and capable of inhibiting the multiplication of some of the super-
infecting viruses (see below) could be responsible. A decision will most probably
not come from animal experimentation alone. Studies in vitro must provide the
ground on which further explorations of these complex phenomena may be based.

C. Interferon

WaGNER and SNYDER (1962) did not detect interferon by means of a plaque
reduction assay employing vesicular stomatitis virus in tissues of mice infected as
adults or newborns, nor was interferon demonstrated by Travs (1962a). VoL-
KERT et al. (1964) searched without success in organs of carrier mice adoptively
immunized with syngeneic immune lymphoid cells. No interferon activity was
detected by MiMs and SUBRAHMANYAN (1966) in the brain of a carrier mouse or
in LCM virus-superinfected mouse embryo cells from carriers cultivated in witro.
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No resistance-promoting factors in the media of LCM virus-infected L cell cultures
were detected by WAGNER and SNYDER (1962) and LEEMANN-GRUBE (1967a).
TrAUB and KesTiNG (1964) failed to detect interferon activity in media from
lymph node cell cultures from carriers or from normal mice infected ¢n vitro. Thus,
LCM virus-infected cultivated cells or animal tissues have never been shown to
produce interferon. They are, however, quite capable of doing so and are sus-
ceptible to its action. After the intracerebral infection of an LCM virus carrier
mouse with West Nile virus, large amounts of interferon were detected four days
later. Cells from carrier mice cultivated ¢n vitro resisted ectromelia virus infections
like normal mouse cells when treated with stock interferon prepared from West Nile
virus-infected mouse brain. Furthermore, normal mouse cells treated with inter-
feron resisted LCM virus infection as efficiently as ectromelia virus infection (M1ms
and SUBRAHMANYAN, 1966).

More recently, an interferon-like inhibitor was detected in brains and other
organs of mice acutely infected with LCM virus, strain Armstrong. It affected
cellular destruction in witro due to Coxsackie A9, Coxsackiec B1 through B,
ECHO 11, vesicular stomatitis, and influenza A viruses and reduced multiplica-
tion of poliovirus type 1. It did not inhibit cytopathic effects caused by vaccinia or
Reo 1 viruses. The inhibitor required an induction period, was unaffected by
LCM virus antiserum, was nonsedimentable, and showed a dose-response effect,
all properties of a true interferon. However, it was acid labile, crossed species
borders, and could be eliminated by a medium change at the time of addition of
challenge virus. No similar activity was detected in tissues of WE strain-infected
mice, nor was it present in infected cell culture fluids (VELTRI and KIRK, personal
communication).

VIII. Enhancement Phenomena

The virologist is aware of innumerable examples of interference, involving
practically all viruses. The opposite, namely enhancement, is rare. One example
is known to occur with LCM virus. KoPROWSKI ef al. (1966; WIKTOR et al., 1966)
infected WI 38 human diploid cells with rabies viruses. A maximum of between
2 and 12 per cent of the cells showed immunofluorescence when overlaid with
conjugated rabies antiserum and the media contained less than 102 mouse LDsg
per 0.03 ml. After superinfection with LCM virus, which had been obtained from in-
advertently infected WI 38 cells, immunofluorescence rose to 80 to 100 per cent
of the cells and infectivity in the media increased 20 to 100-fold. The most
pronounced effect was obtained when LCM virus was given to the cells 24 hours
prior to the rabies virus, but even in persistently rabies virus-infected cultures
LCM virus led to enhancement. Unexpectedly, in such cells the stimulating effect
was abolished by rabies-specific antiserum, although antiserum had no effect on
persistent rabies virus infection by itself. Enhancement was also noted in rabbit
endothelial cells. Ultraviolet irradiation of the LLCM virus reduced the effect.
Rabies virus infection was not stimulated by rubella, vesicular stomatitis, Newcastle
disease, or SV40 viruses, nor was the propagation of rabies virus in mouse brain
increased by LCM virus.

Virol. Monogr. 10 8
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IX. Virus Variation

Asarule, viruses undergo alterations when transferred from one host to another
and LCM virus is no exception. TRAUB (1937) passaged two strains, “A” and “B”,
isolated from an infected mouse stock, in mice and guinea-pigs. No change became
apparent with A in mice or guinea-pigs, but B which had been highly pathogenic
for guinea-pigs when isolated became markedly attenuated when passaged in
mice. At the same time, its pathogenicity for this animal had increased. Essentially
the same was seen by Howarp (1939) with a fresh LCM virus isolate. The French
strain of Lépine rapidly gained pathogenicity when passaged in guinea-pigs
(RonsE, 1937). LaviLLAUREIX and MINCK (1955) compared the properties of seven
human isolates before and after passages in mice and guinea-pigs. The ability of
these strains to cause illness in either species was markedly increased. Different
mice from an infected carrier colony were found by TraUB (1938Db) to harbor
viruses with different pathogenicities for guinea-pigs.

SHWARTZMAN (1946) tested the pathogenicity of strains WE, FA, and WWS
which had been passaged serially 84 to 86, 23, and 33 to 34 times, respectively,
intracerebrally in mice (mouse substrains) and 90, 38 to 39, and 28 times, respec-
tively, intracerebrally or subcutaneously in guinea-pigs (guinea-pig substrains). In
mice, all substrains caused close to 100 per cent lethality when inoculated intra-
cerebrally. When inoculated intraperitoneally, the guinea-pig substrains were
highly pathogenic but the mouse substrains were not. Guinea-pigs were invariably
killed by strains WE and FA, independent of the previous history of these viruses.
In contrast, differences were seen with the WWS substrains; after having been
passaged in guinea-pigs, 19 of 19 animals of this species were killed, while only 4
of 20 succumbed to the inoculation of the mouse substrain. Apparently, the
heightened pathogenicity for guinea-pigs, consequent on passages in this species,
was associated with an increase of the virus’ pathogenicity for the mouse when
infection was done by the peripheral route. This increased pathogenicity was
found to be reflected by the invasion of the organs of the infected mouse (see
Section V. A. 4. a). No correlation, however, existed between the extent and the
character of visceral histopathological lesions and the behavior of the substrains
in the mouse after intracerebral or intraperitoneal inoculations. It should be
stressed that in these studies a clear distinction between changes of the quality
of the infectious particles towards higher or lower virulence and mere quantitative
increases or decreases of their numbers was not always made.

DANES et al. (1963) passaged the WE strain of LCM virus seven times in the
lungs of cynomolgus monkeys and noted an increase of the virus’ virulence; less
virus was required to cause disease due to infection by inhalation. The clinical
picture in the monkeys had not changed.

MacCarLom and Finpray (1940) cultivated the original English strain of
LCM virus in Maitland type tissue cultures of minced chick embryos. Around the
66th passage the properties of the carried virus changed abruptly. Test mice did
not show signs typical for LCM. Rather, they became lethargic and flaccid para-
lyses of the hind legs developed, sometimes followed by similar signs in the fore-
legs. Passage in cell cultures or in mice did not alter the capacity of the virus to
cause these new signs in the inoculated mouse, but transfer to guinea-pigs resulted
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either in fever and death with recovery of a typical LCM agent or in no clinical
signs at all. Such animals did not resist challenge with the WE strain virus later,
indicating a complete loss of the LCM antigenicity of the agent in addition to the
profound changes of its pathogenicity. From what we know of virus variation in
general and properties of the LCM virus in particular, this new agent was probably
not a variant of LCM virus. Indeed, the whole pattern of conversion and reversion
as described above could be explained by assuming that the tissue cultures had
become contaminated with mousepox virus. At about the same time pseudo-
lymphocytic choriomeningitis virus, later shown to be ectromelia virus, was
discovered in the same laboratory.

An observation of a rather similar nature was reported by JuNGEBLUT and
Kobpza (1963b). From guinea-pigs, inoculated with a transmissible leukemia, a
virus was isolated which turned out to be a strain of LCM virus (NY 621). A
branch was maintained by passages in L cells where it increased in pathogenicity,
finally bringing about complete cell destruction. At the same time it had lost more
than 90 per cent of its original pathogenicity for mice and guinea-pigs. This “cell
culture-adapted LCM strain” was extensively used by Furusawa and his col-
leagues (see Section VI) who noted that the pathogenicity for mice as well as the
ability to induce immune protection to LCM virus was lost completely. Repeated
attempts to obtain a similar variant by passages of the original isolate in KB cells
failed (FUrUsAwA, personal communication). Most probably this agent is not a
true LCM virus strain. PFAU and CAMYRE (1968) reported that it had the properties
of a picornavirus.

A more convincing example of LCM virus variation obtained in vitro was ob-
gerved by LEEMANN-GRUBE et al. (1969). LCM virus, strain E-350 (= Armstrong),
was carried together with L cells, which resulted in the establishment of a typical
carrier culture. After prolonged cultivation, the carried virus was found to be
functionally incomplete. Its ability to spread from cell to cell was greatly reduced ;
its ability to kill mice was abolished. The nature of this viral alteration, which has
its precedent in Rustigian’s finding that measles virus lost its infectivity when
persistently infected HeLa cells were treated with specific antiserum (Rusrician,
1966), is not yet understood. A few facts, however, were established, and from
these the following conclusions were drawn. The virus, as it was found after a
certain number of passages in Armstrong virus-infected L cells, was immuno-
logically indistinguishable from fully infectious Armstrong virus. It induced solid
resistance to LCM virus infection in mice and reacted specifically with antibody
as shown by immunofluorescence, complement fixation, and neutralization. More-
over, in the ultracentrifuge it sedimented similar to the original virus. The differ-
ence from the parent virus lay in its functional incompleteness. Though infectious
in the sense that it multiplied within the host cell and was transmitted vertically
to the cellular progeny, its infectiousness for other cells was greatly reduced. This
loss of ability to spread did not appear to be absolute. Medium and cell extracts
from Armstrong virus-infected cultures induced LCM-specific fluorescence in a few
cells of heavily inoculated cultures. While this may simply indicate that antigen
was taken up by a few predestined elements, other observations leave little doubt
that horizontal transmission, if abortive, was still possible: (1) the immunizing
capacity of carrier virus was neutralized by specific antibody; (2) in newborn

8*
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mice some immunogenicity was found after four blind passages, although the
estimated cumulative dilution by far exceeded the titer of the starting material;
(3) carrier cultures were slowly cured when the culture medium contained virus-
specific antibody. The question whether the functional incompleteness of the
carrier virus was accompanied by structural defects, as it is known for a variety of
other viruses, must remain unanswered at the present time.

X. Epizootiology

LCM virus strains have been isolated from a great variety of natural hosts as
well as from laboratory products such as cell cultures and vaccines. The ultimate
reservoir, however, seems to be the grey house mouse.

A. Sources of Isolation

1. Mus musculus

The suspicion of Armstrong and his associates that wild house mice were
responsible for human infections was based largely on Traub’s observation of a
spontaneous LOM virus infection in a mouse colony in the U.S.A. which was follow-
ed by similar reports from England and France. Consequently, they investigated
a number of M. musculus and were able to isolate the virus from animals that had
been trapped in the homes of two persons suffering from abacterial meningitis
(ArmsTRONG and SWEET, 1939). The possibility that the mice had been infected
by the patients rather than vice versa was discussed at length and refuted (ArM-
STRONG, 1941). Since then an ever increasing number of confirmative reports from
many parts of the world leave no room for doubt that M. musculus is the
principal reservoir of the virus in nature (ARMSTRONG ef al., 1940; FARMER and
JANEwAY, 1942; HowrrT and vaN HERICK, 1942; AvICE, 1945a; 1945b; DALL-
DORF et al., 1946a; 1946b; JUNGEBLUT and DALLDORF, 1946; HAVENS, 1948;
GREEN et al., 1949; MacCarLLumM, 1949; KocH et al., 1950a; 1950b; IvANovIcs and
KocH, 1950; DuNcAN et al., 1951; LEVI ef al., 1951 ; MoRRIS and ALEXANDER,
1951; SMITHARD and MACRAE, 1951; BARDOS, 1957; ACKERMANN and JANSEN,
1958; GaJpAMOVICH, 1958; ACKERMANN, 1960; TRAUMANN et al., 1962; GRESI-
KOVA and CASALS, 1963 ; ACKERMANN ef al., 1964 ; ScHEID et al., 1964 ; Panxov and
SHVAREV, 1966; ScHEID et al., 1966; BLUMENTHAL ¢f al., 1968a; 1968Db). It has
been frequently stated that many colonies of experimental mice harbor the virus
and, indeed, MAURER (1958) is of the opinion that this is the case with most of them.
This, however, does not seem to be correct, and a variety of other viruses are much
more commonly found in laboratory mice than that of LCM. In addition to
the observation of Traub already mentioned, these are the reports of the presence
of the LCM virus in albino mice: LiPINE and SauTTER (1936) detected the virus
in one colony in France. FINDLAY ef al. (1936) searched for it in England and found
that ‘“‘three strains of laboratory mice’’ were free from LCM virus; of 15 other colo-
nies from as many different breeders the virus was present in one. In Japan,
KasauARA et al. (1937a; 1937b; 1939; YaMaD4, 1940a; 1940Db) isolated six strains
of the virus, of which at least three probably had come from laboratory mice. During
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attempts to adapt poliovirus to rodents, WENNER (1948) encountered one strain;
the source of the latter remained unknown but it most probably came from the
mouse. BERGER and Scuoor (1967) found that the BK strain of Toxoplasma was
contaminated with LCM virus which had presumably come from mice used for
its passage, and more recently SKINNER and KNteHT (1969) detected L.CM virus in
a colony of albino mice at Pirbright, England. Although there are no more records
available, it is of course possible that other such incidences, which sometimes
entail embarrassing consequences, have remained unpublished. Furthermore,
there may exist infected colonies, where the virus has never been suspected and
thus never been searched for. However, many discussions with people intimately
concerned with this problem have given no clue that infections with LCM virus of
laboratory stock mice are frequent.

Most wild mice tested for LCM virus were killed which excluded the possibility
of determining the category of infection to which they belonged. However, from
laboratory experience and from a few longitudinal observations (TrRAUB, 1960a)
it seems safe to conclude that the great majority of infected M. musculus represented
true carriers and were not undergoing a subclinical self-limited infection.

2. Vertebrates Other than M. musculus

In view of the number of house mice in which the virus can be detected, it is
surprising that most other rodents have been found to be free of LCM virus, even
those belonging to species closely related to M. musculus. In areas in West
Germany where Scheid and his colleagues had found infected house mice, KtpPER
et al. (1964/65; ScHEID et al., 1966) isolated LCM virus from one Apodemus sylvati-
cus; later, BLUMENTHAL ef al. (1968a; 1968 b) trapped one other infected member
of that species. In Czechoslovakia BENDA ef al. (1955) recovered the virus from one
A. flawicollis. The agents isolated from two ““field mice”, identified as Mus agrarius
(presumably Apodemus agrarius), by FENJE (1956; NikoLiTscH and FENJIE, 1957)
were not identified serologically.

Besides M. musculus, man is no doubt the species from which the greatest
number of strains has been isolated. This does not necessarily signify a higher
proportion of infected humans as compared with animals but may simply be due
to the fact that physicians usually employ more refined methods with their patients
than do their veterinary colleagues. However, it may also reflect that man is one
of the few species which react with illness to a natural infection with the virus.

Next to man, monkeys seem to be a source of some significance and Arm-
strong’s original strain may possibly have originated in that species. Soon after
the first isolation ARmMsTRONG and WooLEY (1935) recovered two additional strains,
at least one of which came from a monkey. CoceEsHALL (1939) has described an
epidemic in a monkey colony which, although it exhibited some unusual aspects,
appears to have been caused by LCM virus. MacCarLum and Finpray (1939)
detected virus in nasopharyngeal washings from a patient with a paralytic disease
by intracerebral inoculation of a monkey, although the material used for isolation
had been pretreated with ether. The human disease was probably not caused by
LCM virus (see Section V. H. 1).

Dogs have been implicated several times. Thus, DarLporr and Douerass (1938;
Darrporr, 1939a) found LCM virus on two occasions associated with distemper
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virus obtained from dog spleens. Its origin remained unknown, but the dogs
used for passaging the distemper virus were suspected. ARMSTRONG (1941)
mentioned the recovery of LCM virus from a commercial distemper tissue vaccine
presumably prepared from dog organs. The same author (ARMSTRONG, 1942)
described three fatal infections with LCM virus, two of which occurred in persons
engaged in the manufacture of distemper vaccine (see Section V. H. 1). FINDLAY
et al. (1940) claimed the isolation of the virus from the spleen of an “apparently
normal” dog. An agent supposedly responsible for an ascending paralysis in several
dogs from a community in California (MEYER, 1939/40) has not been sufficiently
characterized to consider that its identity has been established.

Several times the virus was discovered in Syrian hamsters ( Mesocricetus aura-
tus). LEWIS ef al. (1965) isolated LCM virus from a line of a spontaneous hamster
fibrosarcoma. This virus not only infected hamsters with the tumor transplants
but also spread to hamsters kept in the same and even distant rooms and infected
animal attendants. A similar incidence was reported by D. ARMSTRONG ef al.
(1969); after having performed experimental surgery on hamsters, a man developed
a typical LCM meningitis. Subsequently, the animals were shown to be infected
with the LCM virus. During work with rabies virus, PETROVIS and Timm (1968)
found 24 of altogether 98 hamsters, which they had purchased from two different
sources, to harbor the LCM virus. Mode of infection and origin remained unknown,
but the authors suspected that house mice inhabiting the animal quarters might
have spread the virus.

Some isolation histories suggest that the virus might have originated from
guinea-pigs (TraUB, 1936¢c; KasaHARA et al., 1937a; 1937b; 1939; YAMADA,
1940a; MacCaLLum and FinprLay, 1939; Howarp, 1940/41; ALICE and McNuTT,
1945; JungEBLUT and Kopza, 1963b). Nothing is known as to the circumstances
under which they might have become infected, but carrier mice in the animal
quarters are always a possibility.

In addition to the species already discussed, MAURER (1958 ; 1964) lists roaches
(cockroaches ?), chinchillas, cotton rats, and foxes as sources of LCM virus, but
he gives no details.

The viruses obtained by CHASTEL (1965) from reptiles and amphibians are
probably not LCM virus strains (see Section XII). Whether the nine agents isolated
by RE1ss-GUTFREUND ef al. (1962) in Ethiopia from sheep (five), goat (two), calf
(one), and monkey (one) are true LCM virus strains is doubtful.

In concluding this chapter, it should be emphasized that there is no evidence,
either from the laboratory or from the field, that persistent infections in animals
other than M. musculus or its albino variety may exist. It appears more likely
that all other animals are infected by carrier mice, thus representing side branches
of the stem of vertical congenital infection perpetuated in mice. Secondary hori-
zontal spread occurs (see Section X. C) but, no doubt, is rare.

3. Cell Cultures

Casavs-ARIET and WEBSTER (1940) encountered a typical strain of LCM virus
contaminating a tissue culture used for the preparation of rabies vaccine, but its
original source has remained unknown. WIKTOR et al. (1965; 1966) were confronted
with the virus in various cell strains chronically infected with rabies virus. They
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found it impossible to separate the virus of LCM from that of rabies, either by
inoculation of animals or by passage in other cell systems. In view of the usual
absence of cytopathogenicity (see Section II1. B. 4) and the ease with which cells
may become persistently infected (see Section 111. C), it is perhaps not surprising
that chronic infections of cell cultures with LCM virus occur and remain undetected
for possibly long times.

In the course of routine laboratory work, CoveHLIN and WHITNEY (1957)
inoculated two human fecal specimens into various primate cell cultures and
detected Coxsackie A9 virus. Unexpectedly, adult mice inoculated with material
from the monkey kidney but not from human amnion cells used for the isolation
became ill. This was found to be due to infection with LCM virus, but the source
remained unknown. No LLCM virus was found in the fecal specimens, nor could it
be detected in cell cultures from 37 other rhesus or cynomolgus monkeys. The
question remains, how did the virus contaminate the cells in the first place.

4. Other Sources

STEWART and Haas (1956) searched 23 different transplantable mouse neo-
plasms and eight primary tumors for LCM virus. From four established and one
primary neoplasms LCM virus was isolated. The source of the virus was not found
and all stock mice were shown to be free of LCM virus.

Another example of an unexpected encounter with the virus was reported by
BERGER and ScHOOP (1967) who had reason to suspect that the BK strain of
Toxoplasma gondit was contaminated with LLCM virus. It had been used by them
and others for diagnostic work and research for many years. These investigators
separated a virus from the Protozoa, and it was shown in Cologne (R. ACKERMANN,
personal communication) and in our laboratory to be immunologically identical
with LCM virus, although it differed in some other properties. Subsequently, the
BK strain maintained for years in this institute was also found to be LCM virus-
contaminated. Apparently, the virus had been transmitted from mouse to mouse
by intraperitoneal passages for at least 12 years, which may not only invalidate
some experimental work done with BK; this contaminant is probably responsible
for at least one severe human illness, ¢.¢. patient H.-L. W., documented by ScHEID
et al. (1956a) (see Section V. H. 1). Another contamination of a Toxoplasma strain
with a virus was reported by VERMEIL and MAURIN (1953) but in this instance the
agent was not satisfactorily identified (see Section XII).

A few strains of virus isolated from arthropods (LEvi et al., 1953 ; GLUSHCHENKO
et al., 1957; REISS-GUTFREUND ef al., 1962; CHASTEL, 1965) do not fulfill the
criteria deemed necessary to classify them as LCM viruses.

B. Geographieal Distribution

It is often said that the virus of LOM exists in all parts of the world. While this
may be true, well-documented proof is available only for America and Europe.
In other continents there is either no evidence at all (Australia) or else it does not
stand up to a critical evaluation (Asia and Africa).

All three original isolations (see Section 1. B) were made in the U.S.A. from
places as widely separated as New Jersey and Missouri. Later, strains were
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recovered in many areas and it is probably safe to conclude that no part of the
U.S A. is free of the virus. From Canada only one isolation seems to have been
reported (MiToHELL and Krorz, 1942). In South America, the mice in Bahia
(ALICE, 1945a; 1945b) were found to be infected with LCM virus. As noted,
KasAHARA et al. (1937a; 1937D) in Japan isolated six strains.

In Europe, the evidence again indicates that the virus is present in most parts
of the continent: in Belgium (NmmourL and Lecomrr-Ramrouvr, 1953), Bulgaria
(GrESfROVA and Casars, 1963), Czechoslovakia (BENDA et al., 1955), England
(FINDLAY ef al., 1936), France (LEPINE and SAUTTER, 1936), Germany (SCHEID and
JocuHEIM, 1956b), Holland (VERLINDE, 1946; Prick and VERLINDE, 1947),
Hungaria (IvAwovics et al., 1948; Kocu et al., 1950b), Portugal (PmNTO and
FERREIRA, 1954), Russia (CHUMAROV, 1949).

The isolations reported from Rumania (MESROBEANT and BADENSKI, 1948) and
Yugoslavia (FENJE, 1956) have not been sufficiently characterized to permit their
inclusion in this list. The reports from China, Cambodia, Africa (CHANG ef al., 1954 ;
CHASTEL, 1965; REISS-GUTFREUND et al., 1961) are not conclusive,

Although it is probable that the virus is present in countries surrounded by
neighbors in which it has been shown to exist, this is not necessarily so for other
areas lying more in the periphery or for whole continents. It could be argued that
this uneven distribution of the virus is apparent rather than real and that it is a
function of the efforts which have been made to detect it. This may be true for
some parts of the world, but it certainly is not generally applicable. In southern
Sweden, ArzELIUS-ALM (1951) failed to demonstrate LCM virus on 37 occasions in
pooled brains and spleens from M. musculus and in 210 spinal fluids and
60 blood specimens from patients with abacterial encephalomeningitis, or com-
plement-fixing antibody in the sera of 147 such patients, although the methods
of virus and antibody detection were suitable as evidenced by the diagnosis of a
laboratory infection. In South Africa, BAYER and GEAR (1955) failed to isolate this
virus from over 200 human cases of meningoencephalitis, although the methods
employed should have been adequate. It seems unlikely that the virus would have
been overlooked in Australia if it existed there which, apparently, is not the case
(Mres, 1954). That the virus may be unequally distributed even in infested
areas is shown by the extensive studies performed by Scheid and his colleagues
(ACKERMANN et al., 1964 ; ScHEID et al., 1966). In 1960/61 and again in 1962, 1795
wild mice of the species M. musculus were caught in 376 trapping regions evenly
distributed over the Federal Republic of Germany. Altogether 65 mice, caught
in 44 regions in Nordrhein-Westfalen, Niedersachsen, Schleswig-Holstein, Baden-
Wiirttemberg, and Rheinland-Pfalz, were found to be positive; Hessen and Bayern
were free (Fig. 15). This patchy occurrence of infection among mice has frequently
been ascribed to the fact that they do not migrate, thus preventing spread of in-
fection from one locality to another. This, however, applies only to members of
established colonies (FREYE and FREYE, 1960).

M. musculus is said to have originated in two separated areas, one stretching
between Japan and Marocco and the other in southern Russia. From these centers
grey mice migrated to populate Asia and Africa and finally reached Europe where
they met, M. m. musculus arriving from the east and M. m. domesticus from the
west. The mouse populations of America and Australia were derived from animals
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introduced by man from the Old World (FREYE and FrEYE, 1960). Although no
house mouse from which the virus was isolated seems ever to have been identified
as to its subspecies, the places of isolation make it clear that domesticus as well as
musculus may be infected. This leaves us to conclude that the common ancestor

® TRAPPING AREAS WITH VIRUS -INFECTED MICE
O AREAS WITHOUT VIRUS -INFECTED MICE

Fig. 15. Occurrence of LCM virus-carrying house mice in the Federal Republic of Germany.
Each circle represents a trapping area; each closed circle represents a trapping area in which mice harboring the
LOM virus were caught. From R. AckerManw, H. BLoEDHORN, B. KUPPER, I. WINKENS, and W. ScuEid: Zbl
Bakt., I. Abt. Orig. 194, 407 (1964). (With permission of the authors and of Gustav Fischer Verlag, Stuttgart.)

believed to have lived in Persia-Turkistan (H.-A. FREYE, personal communica-
tion) carried LCM virus, and hence one would expect virus carriers to be evenly
distributed among the mice of the world. As we have seen, this is not the case.
The most plausible explanation would be that an occasional mouse loses the virus
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and, due to biological advantages, outgrows the carriers. There is sufficient
evidence to support the latter part of this hypothesis (see Section V. A. 3). How-
ever, that mice may occasionally get rid of the virus is known only where the
chronic infection was induced artificially shortly after birth (LEEHMANN-GRUBE,
1964 b). Whether this may occur also in congenital carriers is unknown, but there
is no cogent reason to refute this possibility. Thus, rather than to assume increasing
spread of the virus among M. musculus, it appears to be more likely that it is
slowly disappearing. There is no evidence to support the alternative hypothesis
that the original source of the virus may be sought in some animal other than
M. musculus.

C. Spread of Infection

No animal other than M. musculus nor man has ever been shown to carry the
virus. The suggestion made by MEYER (1939/40) that the virus may be widespread
as a latent infection in dogs has never been substantiated. VoLRERT and HaxNo-
VER LARSEN (1965a) have not succeeded in inducing persistent infection by in-
oculating the virus into newborn rabbits, guinea-pigs, rats, hamsters, or chickens.

Time and again, human LCM virus infections occurred in localities where mice
were shown to be carrying the virus (ARMSTRONG and SWEET, 1939 ; ARMSTRONG ef
al., 1940; FARMER and JANEWAY, 1942; DALLDORF et al., 1946a; 1946b; HAVENS,
1948 ; GREEN et al., 1949; MacCarLrum, 1949; KocH et al., 1950a; IvAnovics and
KocH, 1950; DUNCAN et al., 1951 ; LEVI ¢f al., 1951 ; SMITHARD and MACRAE, 1951 ;
KoMROWER ef al., 1955; ACKERMANN and JANSEN, 1958; ACKERMANN, 1960;
TRAUMANN et al., 1962; SCHEID et al., 1964; BLUMENTHAL ¢f al., 1968a; 1968b).
BLUMENTHAL, ACKERMANN, and KESSLER (paper presented at the 32. Tagung
Deutsche Gesellschaft fiir Hygiene und Mikrobiologie, Miinster, 1969) have recent-
ly demonstrated that in Germany the incidence of neutralizing antibody in man
is correlated with the incidence of virus carriers among the house mice in the
relevant localities. Even if one regards the seasonal fluctuation of human infec-
tions with more cases occurring in the winter than during the summer months
— which often has been thought to reflect the migratory habits of house mice —
as being of doubtful significance, there can be little doubt that the natural disease
in man is a zoonosis in which the mouse is the animal reservoir (ARMSTRONG and
SwEET, 1939). This probably also applies to other species which may be infected
in nature. How, then, is transmission accomplished and how often does this occur ?
The mode of transmission appears to be obvious in those instances where the dis-
ease has followed the bite of a mouse (ScHEID and JocHHEIM, 1956b; TRAUMANN
et al., 1962; ScHEID ef al., 1964) but in most cases it is obscure. Carrier mice are
highly contagious for other mice on close contact (TrAUB, 1936¢; 1938b; 1939b;
Haas, 1941; SkinnNER and KnicHT, 1969), and nasal secretions and saliva were
incriminated by Traub and Haas. According to TrauB (1960a), the milk from
carrier females is also infectious. PANov and SHVAREV (1966) mentioned three
possible modes of spread from mice to other animals: (1) by means of dust contain-
ing excreta from infected mice; (2) with food contaminated by mice; (3) through
a vector. Possibly, the virus is transmitted by inhalation of virus-contaminated
materials, and the ease with which other species may be infected experimentally
by aerosols is remarkable. Working with M. cynomolgus and M. rhesus and the
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WE strain of virus, DaANES et al. (1963) found that less than 200 and about ten
mouse LDsy, respectively, initiated infection. Guinea-pigs were even more sus-
ceptible, and again with the WE strain it was found that the 50 per cent lethal in-
halation dose was equal to 0.2 to 1.0 mouse LD5¢. When the exhalation was taken
into account, the susceptibility of these animals to inhalation was estimated to be
greater than to intranasal inoculation and about as high as to intracerebral or
subcutaneous infection (BENDA et al., 1964).

Another way by which this virus may enter the prospective host seems to be
through the skin. Surprising as this may be, SHAUGHNESSY and Z1icHTS (1939 ; 1940)
have presented unrefutable evidence that the virus may penetrate the intact
skin of the guinea-pig. The precautions taken by these authors to forestall
criticism are impressive. They concede ‘“that minute abrasions, not visible with a
hand lens, may have been present’’, but one has to follow their conclusion that this
would be a “factor encountered in any normal skin”. It may be mentioned that
KELLER (1958) observed passage of Bacillus megatherium phage through the un-
prepared and apparently intact skin of the mouse by either immersion of the tail
into the phage-containing suspension or by gentle spreading of the phage prepara-
tion on the abdominal skin. After inunction with LCM virus of the shaven but
apparently undamaged skin of monkeys a disease developed which was less severe
than the one following other routes of infection (DarLporr, 1939b). FINDLAY and
STERN (1936) transmitted the virus to mice and monkeys by applying it “on the
lightly scarified skin”. SHAUGHNESSY and MILZER (1939) infected guinea-pigs by
rubbing the WE virus into the skin which had been lightly scarified so as not
to draw blood.

The role of the alimentary tract for infections with this virus is difficult to
assess. Infectivity is unlikely to pass beyond the barrier set up by the stomach.
Penetration of the mucosa of the upper digestive parts must be considered
a possibility. Experiments indicate that infection by feeding may succeed although
with a low probability (FinpLay and STERN, 1936; TrAUB, 1936¢; 1939b;
SHAUGHNESSY and Zicuis, 1940; JocHHEIM ef al., 1957; TYUSHNYAKOVA, 1962;
GLADKIJ, 1965).

It may be concluded that LCM virus is easily transmitted by aerosols. It is also
proposed that infection may occur via the skin. Both ways are likely to account for
laboratory infections but hardly explain how the virus normally spreads from
mice. The assumption that this occurs by means of dust containing feces, urine,
and saliva from persistently infected mice, or by food stuff contaminated with
such excretions is not a likely one because the virus is extraordinarily labile and
would not be expected to remain infective under such unfavorable conditions.
Work done by Haas (1941) underlines this statement. In one typical experiment
he transferred ten normal mice to a glass jar which had not been cleaned after
carriers had lived in it for 22 days; during 16 days none of the new occupants
became infected. The same carriers had transmitted the virus to 18 normal mice
kept together with them in the same cage. In similar experiments performed by
TraUR (1936¢) infection was not transmitted to mice which had been placed into
cages “heavily contaminated” with virus-containing urine. In years of work with
carrier mice I have not experienced one human laboratory infection which could
be traced to them. Nor are vectors known which could be incriminated (see
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Section X. D). It should be mentioned, however, that occasionally, under certain
experimental conditions, LCM virus was found to be relatively stable. For instance,
MirzER (1942) succeeded in infecting four of four guinea-pigs with dried feces from
bed bugs, 3, 9, 14, and 85 days, respectively, after they had had infectious meals.
It is not impossible, however, that the virus had multiplied in the arthropods
(see Section X. D).

Although early in his work TrRaUB (1936 ¢) had drawn the conclusion that the
virus may be readily transmitted from acutely infected mice to untreated cage
mates, it later turned out that, in contrast to carriers, mice undergoing clinical or
subclinical infection when infected as adults almost never spread the virus, even
on close contact (RIvERs and ScorT, 1936a; TrAUB, 1939b; Haas, 1941; LeH-
MANN-GRUBE, 1969b). Evidence presented by Paxov and SHVAREV (1966) and
thought by them to prove the contrary does not convince. Infections from species
other than mice have not been documented to have taken place under natural
conditions.

It may be accepted as a general rule that man is the last link in an infectious
chain. The same may be said about infections in other species but a few exceptions
must be mentioned. TRAUB (1936¢) observed spread of infection from diseased
guinea-pigs to healthy cage mates in a few instances. CogarsHALL (1939) reported
on an epidemic of LCM in a colony of monkeys and FINDLAY et al. (1940) traced
the spontaneous disease in two rhesus monkeys in the laboratory to hay and
sawdust which had been in contact with infected guinea-pigs (no details). Arm-
STRONG (1942) mentioned three laboratory infections in monkeys during work
with an isolate from fatal human cases. DALLDORF (1939a; 1943) infected dogs
with the virus and observed neutralizing antibody to appear in control cage mates.
Spread of the virus between hamsters and from these to persons was reported by
Lewis et al. (1965), BauM et al. (1966), and D. ARMSTRONG ef al. (1969).

The example given by FARMER and JANEwAY (1942) which was thought to
illustrate a possible spread from a sick dog to its owner is open to question. The
evidence for an LCM virus etiology of an encephalitis epidemic in a convalescent
home (VERLINDE et al., 1948a; 1948b) may not be regarded as conclusive. The
suggestion made by ArRMSTRONG and WooLEY (1937) that a veneral transmission
in man may play a role is hardly more than a historical curiosity.

The conditions under which the virus is transmitted may be rather complex,
and the question may be raised as to the probability of species other than the mouse
becoming infected with this virus. The answer to this cannot be given on a global
basis. Whole continents have to be left out because we know next to nothing about
the frequency of infections with LCM virus there. Other large areas, e.g. Australia
or Scandinavia, seem to be free of the virus and we must therefore restrict the dis-
cussion to Europe and the U.S.A., and even there our knowledge is limited.

WOOLEY et al. (1937) tested sera from 1248 persons residing in various parts of
the U.S.A. by means of a semiquantitative neutralization test. Unfortunately, the
data which seemed to indicate a rather high incidence of previous exposure to the
virus cannot be accepted today, for no provision was made to exclude the “neu-
tralization’”” by spontaneously occurring virus inhibitors (see Section V. H. 3).
It seems reasonable to assume that the so-called “moderate protection” found in
73 sera belonged in this category. If the assumption is made that the test virus
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contained 107-5> mouse LDs per g of brain tissue and if it is accepted that the
neutralization of 100 LDso or more of virus by serum diluted two-fold may be
considered proof for the existence of true antibody (see Section V. H. 3), then sera
which exhibited “strong protection” may be regarded as having come from persons
with LCM virus infections in their past. Of 1248 sera, 65 (five per cent) were found
in this group. Applying similar considerations to a follow-up study by WooLEY et
al. (1939), 56 of 680 individuals (eight per cent) might have had an infection, but
the details in this latter publication make the analysis uncertain.

No such additional evaluation is possible with the results of neutralization tests
done with sera from 166 persons by ARMSTRONG and WoorrY (1935). Nor does it
seem that the negative results obtained by HEYL ef al. (1948) with (two ?) prepara-
tions of human y-globulin from plasma pools of up to 5500 individual donors are of
real value.

In Europe, studies on small numbers of people were reported from various
places. Of 21 persons living in Bohemia where LCM virus is known to ocecur, one
had antibody neutralizing more than 100 mouse LDsy (BENDA e al., 1955).
AcrERMANN (1960) found no complement-fixing but neutralizing activities with
indices of logyp 3.7, 3.7, and 3.9, respectively, in the sera of 3 of 14 healthy
persons who lived near Bremen in Germany in the immediate neighborhood
of patients known to have had infections with the LCM virus, and in the same area
trapped house mice carried the virus. Of 42 persons who lived farther away, six
had indices of higher than logig 2.0; none exhibited complement-fixing activity.

Of great value is the investigation conducted by Blumenthal and his col-
leagues (BLUMENTHAL, 1968; paper presented at the 32. Tagung Deutsche
Gesellschaft fiir Hygiene und Mikrobiologie, Miinster, 1969). Sera from 2013 per-
sons living in rural areas of West Germany were tested for LCM virus
neutralizing antibody. Of these, 68 (= 3.4 per cent) neutralized more than 100
mouse LDsp in a constant serum-variable virus test which may be taken as
evidence of recent contact with the virus. While no differences were found be-
tween groups classified according to employment, the proportion of positive
results increased with the age of the donors. What is more important, a significant
correlation was found to exist between incidence of LCM antibody and LCM virus
infection of house mice in the district. Of 560 persons living in areas where
ACKERMANN ef al. (1964) had demonstrated many mice to be infected, 51 (=9.1
per cent) were positive, while in those parts of Germany which had been found
to be free of carrier mice only 17 of 1453 people (1.2 per cent) had LCM virus
antibody in their sera.

The overall occurrence of neutralizing antibody in 3.4 per cent of a population
consisting of people with and without potential contact with LCM virus-infected
mice is not far from the figure (five per cent) concluded from the data of WoorLey
et al. (1937) (see above). Thus, human infections with LCM virus appear to be
rare, and figures of up to 20 per cent among unselected people which are sometimes
quoted seem to highly overestimate the true incidence.

As far as screening employing the complement fixation test is concerned, it was
found by BruMENTHAL (1968) that of 73 sera which had exerted doubtful protec-
tion in a mouse neutralization test only two showed a low degree of fixation. In
France, LEPINE ef al. (1938a; 1938b) tested for control purposes the sera from
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64 persons; none was found to fix complement in the presence of LCM-specific
antigen. BALEK et al. (1954) found complement-fixing antibody in the sera of 14
of 460 unselected normal people residing in Slovakia. In a group in France con-
sisting of 209 persons not suspected to suffer or to have recently suffered from
LCM virus infections, SOHIER and BUISSIERE (1954) detected complement-fixing
antibody with low titers, 7. e. eight, in two of them. CHAsTEL and LE Noc (1968), also
working in France, searched for complement-fixing antibody in 281 sera and found
only one positive with a titer of 16. Of uncertain significance are the results of the
complement fixation tests obtained by BauzA et al. (1965). In 13 of 268 sera col-
lected from children living in Montevideo they found titers varying from 5 to 20; 20
occurred in two instances. It is not clear from the report whether these children
had been ill; nor was anything said concerning their previous history. It has been
pointed out before (see Section V. H. 3) and should be stressed again that positive
results obtained by means of the complement fixation test with single sera from
apparently healthy individuals must be evaluated with caution.

We may now ask the question, what is the frequency of infections with the
LCM virus among patients with diseases, such as acute abacterial meningitis or
acute encephalitis, which it is known to cause. The negative results obtained by
Brobik (1937) who tested sera from 24 cases of “nonparalytic poliomyelitis™ for
LCM virus-neutralizing antibody are open to ecriticism because of technical
problems. Bairp and Rivers (1938) investigated 34 cases of “acute aseptic
meningitis”’ and proved that an LCM virus infection had occurred in one of them
by demonstrating an increase of neutralizing antibody. In seven “presumptive”
cases of this group the diagnosis was based on neutralizing antibody in convales-
cence only, which cannot be accepted because of the possible presence in the sera
of nonspecific virus-neutralizing substances. As judged from the strongly positive
complement fixation reactions, 13 of 18 patients suspected clinically by LEPINE
et al. (1938a; 1938b) were shown to have had recent LCM virus infections. The
reason for this unusually high number is not clear. SMADEL (1942b) investigated
165 cases of abacterial meningitis and proved by virus isolation and by the
demonstration of complement-fixing or neutralizing antibody in convalescence
that 25 (=15.2 per cent) of them had been caused by LCM virus.

Of 75 patients with sporadic diseases, mainly of the central nervous system,
which occurred in the Chicago area, LCM virus was held responsible in nine
(MiLzER, 1943). Of these the case “J. P.”, related previously by LEICHENGER et al.
(1940) is doubtful for the reasons already discussed (see Section V. H. 1). Thus,
eight of the 75 cases (= 10.7 per cent) were presumably true LCM virus infections.
(Besides ““J. P.”, two more cases had been documented more fully elsewhere:
“A.M.” by MiLzER and LEVINSON, 1942, and “B.D.” by TrREUSCH et al., 1943.)
Of a total of 102 persons with acute abacterial meningitis, MacCarLUM (1949)
obtained 24 specimens of cerebrospinal fluid, 36 paired sera and 66 single sera
taken during convalescence. In two patients the LCM virus was isolated and the
etiology confirmed by the appearance of antibody; in one patient, the diagnosis
was based on the development of neutralizing and complement-fixing antibodies,
and in two more it was tentative as shown by the presence of complement-fixing
antibody in convalescence only, no early sera having been available. In 115 patients
with abacterial meningitis residing in various parts of Holland, VERLINDE and
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vaN ToNGEREN (1949) proved the LCM virus etiology in 5 of 30 by virus
isolation plus antibody development, in 10 of 38 by antibody development alone,
and in 1 of 47 by virus isolation only. Disregarding the latter, the LCM virus
was shown to have caused meningitis in 15 of 115 (13 per cent) cases. GOLD-
BERG (1950) found infectious agents in 2 of 22 patients with abacterial menin-
gitis by inoculating blood plus cerebrospinal fluid or the latter only into mice and
guinea-pigs. The author assumed that they were strains of LCM virus, but they
were not identified. In Hungaria, KocH et al. (1950a; IvAxovics and Kocs, 1950)
inoculated cerebrospinal fluids from 19 patients with meningitis and two more with
encephalitis into mice and recovered strains from three of them; two of these
patients also developed significant concentrations of neutralizing antibody. Thus,
in at least two of the 21 patients with affections of the central nervous system
was the LCM virus etiology established. (Ten cases were later shown to have been
caused by mumps virus, Mycobacterium tuberculosis, etc.) In the Ukraine, Levi
et al. (1951) performed complement fixation tests on sera from 204 patients. In
20 the titers were equal to or higher than four, which was considered proof of a
recent infection with LCM virus. In 15 of these, the neutralizing indices were also
determined. They were equal to or greater than 100 in seven and greater than
1000 in two. In ten additional cases which had been found free of complement-
fixing activities, neutralization tests revealed indices of greater than 100 in two
and greater than 1000 in one. Although these high titers leave no doubt that the
patients had had infections with LCM virus in the past, it is questionable whether
it had been responsible for all the diseases under consideration. In the three
patients, for instance, with indices of more than 1000, the diagnoses were
“myelitis”, “keratitis with scarification””, and “grippe with hypertension”, none
of which may be regarded as being characteristic of an infection with LCM virus.
The positive serology in 4 of 25 cases of meningitis or encephalitis reported by
BieLine and Kocu (1952) was insufficiently documented. In a study on the etio-
logy of acute abacterial infections of the central nervous system in France, SOHIER
et al. (1953; SoHIER and BUISSIERE, 1954) investigated 242 patients with
meningitis or meningoencephalitis. In 8 of 186 persons from whom adequate
materials were available, infections with LCM virus were established by comple-
ment fixation tests. Of these, five had meningitis and three meningoencephalitis.

Out of an unknown number of cases, BALEK et al. (1954) proved the LCM virus
etiology by increases of complement-fixing titers 16 times; on three occasions
isolation of the virus was achieved. The diagnoses ranged from acute lymphocytic
meningitis, meningoencephalitis, encephalitis, and subarachnoid bleeding in con-
nection with meningitis to “grippe” and neuritis nervi vestibuli. The virological
part in this study was not exhaustive enough to permit a critical appraisal. The
same is to be said of the attempts by LaterET and LAVILLAUREIX (1954; LAViL-
LAUREIX, 1954) and by LaviLLavrerx and REEm (1957) to clarify the role the
LCM virus might have played in diseases of the central nervous system which
occurred in Alsace. HaussMany (1955) tried to establish serologically the etiology
of various central nervous system diseases in 490 patients who lived in North,
West, or South Germany or in the eastern part of Switzerland. LCM virus was not
incriminated, which may cast doubts on the reliability of the methods employed.
BArDOS (1957) in Czechoslovakia established the LCM virus etiology in 1 of
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34 cases of abacterial meningitis or meningoencephalitis. Of doubtful value is the
LCM diagnosis made by TyusaENYaKovA and ZAGROMOVA (1960) in 20 patients
living in the Tomsk region of Siberia, for the virological part of the study was not
convincingly executed. No details concerning the virological techniques were
included in a report from Yugoslavia by ToporovIé et al. (1961) on 222 patients
with lymphocytic meningoencephalitis of whom four were said to have been caused
by the LCM virus. RE1ss-GUTFREUND ef al. (1961) isolated eight agents in mice and
guinea-pigs from people living in Ethiopia with a variety of diseases, including
meningitis and encephalitis. LCM virus might have been present, but the virological
part of the report is not detailed enough. The same must be said of a study con-
ducted by SHVAREV (1964b) during eight years on patients from hospitals in
Leningrad. From an unspecified number of cases with infections (of the central
nervous system ?) the LCM virus etiology was established 54 times. The diagnoses
were variable and included acute meningitis and meningoencephalitis, paraplegia,
arachnitis, and polyradiculitis as well as acute and chronic hydrocephalus. Like-
wise of uncertain significance is a report from southern India. By means of the
complement fixation test, CAREY et al. (1969) investigated 66 pairs of sera from
patients with diseases of the central nervous system residing in the Vellore area;
none gave a positive reaction with LCM virus antigen.

In all these studies, the results were derived from small or insufficiently defined
numbers of patients, which does not permit conclusions to be drawn as to the
relative frequency of LCM virus infections among patients with diseases of the
central nervous system. Furthermore, it does not appear permissible to pool the
data. Neither the techniques employed nor the criteria according to which the
patients had been selected were uniform. For the answer to our question, we may
rely on the longitudinal study begun in 1941 by RasMussEN (1947), continued
from 1947 by ApAIr et al. (1953), and concluded between 1953 and 1958 by MEYER
et al. (1960). This extensive work is valuable, not only because it provides us with
an unusual large number of patients classified according to similar clinical signs,
t.e. “‘acute infectious disease with CNS manifestations of apparent viral etiology”
(MEYER et al., 1960); it furthermore represents a model investigation into the rela-
tive role this virus plays in such syndromes and should satisfy the most critical
reader. Of altogether 1568 patients, 126 or eight per cent were considered proved
LCM virus infections. This is perhaps to some a surprisingly low estimate but again
stresses that lymphocytic choriomeningitis is a rare disease under natural
conditions.

After having presented a survey of the numerous reports dealing with the
frequency with which the LCM virus may infect — with or without manifestation
of illness — people, we shall now turn to answering the question: how often is
this virus transmitted to animals other than M. musculus?

Frequent attempts have been made to detect the virus in species closely
related to M. musculus. In California, Howrtr and vax HEerIick (1942) tested
101 wild rodents which, besides M. musculus, included Peromyscus mani-
culatus, Reithrodontomys megalotis, Perognathus californicus, Citellus beecheys,
Ammospermophilus nelsoni, and two rat species, by inoculating organ homoge-
nates intracerebrally into white mice. LCM virus was detected in two house mice
only. In areas in West Germany where Scheid and his collaborators had found
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infected house mice, EMMERICH (1962) examined 132 Microtus agrestis,
109 M. arvalis, 5 M. oeconomus, 114 Clethrionomys glareolus, 109 Apodemus
sylvaticus, 23 A. flavicollis, 10 A. agrarius, 2 Rattus norvegicus, and 6 Sorex
araneus. Of 23 isolates from these animals, which were pathogenic for mice, not
one was identified as LCM virus. Later, KUPPER ef al. (1964/65 ; SCHEID et al., 1966)
searched for this virus in the same general area. They examined 460 wild mice
other than M. musculus of the following species: Microtus arvalis (311), M. agrestis
(30), Apodemus sylvaticus (94), Pitymus subterraneus (5), Clethrionomys glareolus
(4), Micromys minutus (3), and Arvicola terrestris (1). LCM virus was isolated
from one A. sylvaticus only. BLUMENTHAL et al. (1968a; 1968b) looked for the
virus in small mammals which they had trapped in the immediate neighbor-
hood of the residence of a man with proved LCM encephalitis in a village east
of Aachen, Germany. They found that 139 of 356 M.musculus and 1 of §
Apodemus sylvaticus harbored the virus. None of 65 Soricidae nor a litter with
eight rats were infected. BARDOS (1957) investigated 757 small rodents trapped
in the Danube area of Czechoslovakia. One isolation of LCM virus was made
in 1 of 30 M. musculus, but 122 Apodemus flavicollis, 33 A. sylvaticus, 1
A. microps, 323 Clethrionomys glareolus, 1 Crocidura leucodon, 2 C. suaveolens,
44 Microtus arvalis, 1 Mus musculus spicilegus, 196 Sorex araneus, 3 S. minutus,
1 8. minimus (?) were found to be free of LCM virus, although other viruses
were isolated. In the north-east of Bohemia, BeNDA et al. (1955) found 1
A. flavicollis to be infected among 17 “small mammals”. In 5 of 40 other
animals in the same area (19 A. flavicollis, 9 A. sylvaticus, 3 Clethrionomys
glareolus, 9 Sorex araneus) significant complement-fixing antibody titers were
found, which was interpreted as indicating recent infections with LCM virus.
JUNGEBLUT and DALLDORF (1946) isolated no LCM virus in 11 Rattus norvegicus
trapped in New York, while during the same period in the same area they secured
11 isolations from 290 house mice. BALEK ef al. (1954) trapped 528 small mammals
in Slovakia and found complement-fixing antibody to LCM virus in 42. The animals
with positive sera were 5 of 34 Clethrionomys glareolus, 12 of 145 Apodemus
Sflavicollis, 5 of 64 A. sylvaticus, 3 of 26 A. microps, 7 of 175 Microtus arvalis,
1 of 14 Sorex araneus, 4 of 19 Crocidura suaveolens and leucodon, and 5 of 51
Mus musculus.

Braxc et al. (1960) in Morocco isolated infectious agents from a variety of wild
small mammals, which they considered to be strains of LCM virus on the basis of
their pyrogenicity in guinea-pigs, their relative stability at 4° C when suspended
in water, and the presence of numerous granules in the neutrophiles of spleens of
infected animals. None of these criteria, however, may be accepted to suffice for
identification.

As already mentioned, the first LCM virus to be recovered was isolated in but
not necessarily from a monkey. Its origin has remained obscure. No immune
animals were found in the monkey colony at that time (ARMSTRONG and LiLLIE,
1934), but later two further strains of virus seem to have come from this colony
(ArMsTRONG and WooLgy, 1935). The significance of “moderate to strong
neutralizing properties” found by these authors in the sera of 5 of 44 monkeys
is doubtful on grounds which have been presented above (see Section V. H. 3). The
“strong” neutralization by sera from 2 of 35 monkeys found later by WooLey
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et al. (1937) may indicate previous exposure to the virus. In the brains and cords
of a great number of monkeys KoLmMER (1936) did not encounter LCM virus.
Natural dissemination of virus to monkeys apparently is a rare event. There is no
reason, however, to deny the possibility, and monkeys, particularly those kept in
captivity, may be expected to be infected, presumably by carrier mice, much in the
same way as humans are, although the mode of spread is essentially unknown.
Infections of dogs seem to be likewise rare. DALLDORF (1943) found no com-
plement-fixing activities in 331 healthy adult dogs and no LCM virus in brains
and/or spleens of 17 dogs which had died from diseases characterized by neuro-
logical signs. The significance of the occasional “presence of immune bodies”
detected by FINDLAY et al. (1940) in pooled sera from English dogs cannot be
assessed, because no quantitative data were supplied. The same must be said of
the complement-fixing antibody to ‘“‘benign lymphocytic meningitis” (presum-
ably choriomeningitis) found in two Alsatian dogs by SMiTH and K1NsELLA (1951).

D. Quest for a Vector

The natural host, if not the ultimate source, of the LOM virus is the common
house mouse. But we have seen that other species become infected and hence it
may be asked, how is the virus transmitted from mice to other animals and man.
It has been pointed out that virus-contaminated dust or food stuff are unlikely
vehicles (see Section X. C). Thus, the possibility has to be entertained that a vector
is requisite, perhaps in the same way as with the arboviruses. Employing the
isolate from an epidemic among laboratory monkeys, CogoESHALL (1939) proved
Aedes aegypti to be infectious after having had a meal on infected guinea-pigs.
Transmission was accomplished for up to two passages by transfer of the mosqui-
toes as early as the fourth and as late as the 15th day after feeding. Using the WE
strain, SHAUGHNESSY and MiLzER (1939) found larvae, nymphs, and adults of the
Rocky Mountain wood tick, Dermacentor andersoni, to have taken up the virus
from viremic guinea-pigs. Stage to stage persistence from larvae to nymphs, from
nymphs to adults, and even from adults to eggs and larvae occurred. It was not
possible, however, to demonstrate transmission by adult ticks which had fed on
infected guinea-pigs in one of the previous stages of their life cycle, although such
experiments with nymphs which had fed as larvae were said to have succeeded.
Guinea-pigs could be infected by applying crushed infectious ticks or feces from
ticks which had engorged in the previous stage on infected animals to the
scarified skin. No data were presented by SHaveHNESsY and MiLzer (1939) to
support their claim that ticks which had engorged as nymphs on an infected
animal became infectious only after having fed on a normal guinea-pig.

FINDLAY et al. (1940) found that human lice (Pediculus humanus) had taken
up the LCM virus from infected monkeys. ARMSTRONG (1941 ; 1942) reported that
in two instances, ‘“‘out of several trials’’, the virus was transmitted between
monkeys by lice but not by bed bugs, rat and mouse fleas, and blood-sucking
mites.

An extensive study was conducted by Mirzer (1942) who employed a variety
of arthropods and the J. P. strain of LEICHENGER et al. (1940). With Aedes aegypts,
successful transmission depended on the temperature under which the insects
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were maintained. At the optimum of 28°—32° C transmission between guinea-
pigs was achieved up to 38 days after the infectious meal. Trials with 4. albopictus
or Culex pipiens were negative, but both had been kept at room temperature. Of
18 attempted transmissions with bed bugs (Cimex lectularius) 11 were successful
with intervals between the two meals of from ten minutes to 85 days. Since guinea-
pigs could be infected by rubbing feces from infected bed bugs into their scarified
skin, it was thought that transmission might occur when the parasite’s feces
contaminated the bitten area. In one experiment bed bug larvae remained infec-
tious through one stage of molting but not to further ones. In one of three experi-
ments virus was found to be transmitted from adult bugs to the eggs and further
to the larvae. Bed bugs could be shown to spread infection between guinea-pigs
kept together under conditions simulating those in nature. No transmission was
achieved in one experiment between rhesus monkeys by lice (Eupedicinus longi-
ceps) or between mice by mites (Atricholaelaps glasgowi) in four experiments.
Paxov and SHVAREV (1966) reported that the LCM virus was transmitted from
infected mice to cage mates by Bdellonyssus (Liponyssus) bacoti, but the
experimental details are insufficient to permit evaluation.

Braxc and AscioNe (1960) fed nymphs and larvae of an African tick (Am-
blyomma variegatum ) on rabbits which had been made viremic by the intravenous
inoculation of infectious guinea-pig blood and organ suspensions. After having
engorged, which took six to seven days, the ticks were emulsified and tested for
virus by the inoculation of guinea-pigs; both larvae and nymphs were infectious.
Furthermore, nymphs originating from infected larvae after incubation at 30° C
not only had retained their infectivity but were capable of transmitting by feeding
virus to a normal rabbit which subsequently became viremic. Adults which
developed from infectious nymphs likewise contained virus, as did excreta from
infectious ticks. (It is to be regretted that the virus strain which was used in these
interesting experiments was not specified.)

There can be little doubt that experimentally the LCM virus may be trans-
mitted by arthropods. It is another matter whether this occurs under natural
conditions. Claims by Russian workers (LEVI et al., 1953 ; GLUSHCHENKO et al., 1957)
to have proved this by repeated isolation of the virus from a variety of arthropods
trapped in areas where the virus was also found in small rodents have to be
regarded with caution; in none of the reports which have come to my attention
was the identity of the isolates unequivocally established. The same has to be
said of a survey made in Morocco by Brawc et al. (1960). It would seem that the
above reports no more than hint at the possibility that LCM virus may infect
arthropods and multiply in them. It is noteworthy, however, that of 22 different
viruses tested, only those belonging to the arbovirus group and LCM virus multi-
plied in cells from Hyalomma dromedarii ticks cultivated in vitro (REHASEK,
1965).

Syverton and his colleagues investigated the possibility that T'richinella spira-
Iis may act as a vehicle for the transport of the LCM virus (SYVERTON ef al., 1947).
Guinea-pigs were infected orally with 7'. spiralis larvae and 15 to 18 days later
by subcutaneous route with the WE strain of LCM virus. When the animals died,
the carcasses were digested with pepsin and the larvae of 7. spiralis were
recovered. These were treated with acid to remove superficial virus and tested

9*
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for infectivity in guinea-pigs either by feeding live larvae or after trituration by
subcutaneous inoculation. Although not all experiments were successful, the
results showed that trichinae not only take up infectious virus but also may
acquire the ability to transmit it to new hosts. It should be added, however, that
neither Syverton’s experiments nor later evidence has established that
T. spiralis ever functions as a vector for the LCM virus in nature.

XI. Technical Procedures

It is one of the basic characteristics of the LCM virus not to cause the dis-
integration of the cell in which it multiplies (see Section III. B. 4), thus barring
the use of simple assay procedures based on cytopathic effects.

For the diagnosis of human and animal infections and the identification of
isolates both the neutralization and the complement fixation tests have been em-
ployed.

A. Virus Titration

1. Quantal Procedures

A quantal assay is one in which every assay unit gives a nongraded yes-or-no
response. Since its discovery, the LCM virus has been most commonly titrated by
means of dilution assays performed intracerebrally in mice, where the animal’s
death is taken as the positive response. The usual estimate is the LDs¢ being that
virus dose which kills 50 per cent. It is to be stressed that this method is highly
unsatisfactory. Most strains of LCM virus exhibit a marked zone phenomenon
with fewer mice dying in the high dosage region than would be expected (see
Section V. A. 4. b). Thus, the basic prerequisite for a quantal assay, the — at least
approximate — symmetry of the response curve, is not fulfilled, thereby grossly
exaggerating the low precision which is inherent in every quantal virus assay
(MEYNELL, 1957). Tt is difficult to understand why this method is still in wide
use. It has been known for 30 years that this source of error can be excluded by
the challenge of the surviving mice, thus deriving the IDsg, based on the animals
which had died from the first inoculum plus those which survived the challenge
(Scorr and ELrorD, 1939). Indeed, if the second infection is performed with a
strain and a dose known to produce 100 per cent mortality in nonimmune animals,
this simple expedient not only causes the dose-response curve to be symmetrical
(Fig. 10) but also provides the highest possible accuracy in an assay of this kind
(LEEMANN-GRUBE, 1969b). The danger that infected mice may spread the virus
to cage mates thus invalidating the results of challenge may be dismissed. It has
been shown again and again that, in contrast to carriers which are highly conta-
gious, adult mice undergoing clinical or subclinical infection have a low probability
of transmitting the virus even if in close contact (see Section X. C). Challenge of
micereveals another phenomenon which deserves our attention. The ID5q values are
not only more accurate but also higher than the LDsg values, which is not so much
due to the high zone survivors but rather reflects the fact that at high dilutions a
certain number of mice, though infected, escape death. From 15 titrations of the
WK strain — taken at random from our records — all performed with infected
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mouse brain homogenates employing five mice per decimal dilution step, the mean
of the titer differences — LD3g versus IDso — and the single standard error of the
mean were found to be logyp 0.443 + 0.079; the corresponding figures for the Arm-
strong strain are 0.351 4- 0.067. These data make it difficult to understand why
RocER and RoGER (1964 ¢) failed to detect a difference between LDs5¢ and IDsg
of the WE strain, and even stated that challenge of mice after intracerebral in-
oculation was absolutely useless (“totalement inutile’).

From experiments done by Carrxs (1950) and Mims (1960) it is known that upon
inoculation of liquid material into the mouse brain the larger part immediately
spills into the blood stream, thus turning the intended intracerebral injection into
a combined cerebral and intravenous one. Around the end point, where single
infectious units count, these may be deposited in the periphery rather than in the
brain, initiating a peripheral subclinical instead of a cerebral fatal infection. If
this is true, then peripheral and intracerebral inoculations should in terms of
immunity lead to the same titers. This is indeed the case. Rowr (1954) titrated
two strains intraperitoneally and intracerebrally and found the IDso values to be
indistinguishable. Haas (1960) reported a similar result. In my own experiments,
four virus strains (WE, E-350, Traub, and CA 1371) were tested. Each was diluted
serially ten-fold and each dilution was inoculated intracerebrally, intraperitone-
ally, or subcutaneously into five mice. After 21 days the survivors were challenged
intracerebrally with 1000 LDj5p of Armstrong’s virus E-350, a strain known to
produce 100 per cent mortality. The results of two such trials conform to our
expectation, i.e. titers obtained with different initial inoculation routes did not
differ significantly (LEHMANN-GRUBE, unpublished). HorcHIN and BENsoN (1963)
obtained similar results. They did, however, see much greater differences between
LDs¢ and IDs5¢ values after the intracerebral inoculation of the liver-passaged
UBC (=WE) strain. Presumably, the calculations were based on the whole dose
range, thereby including all the high dose survivors. Thus, even after intracerebral
inoculations, the ID3g is a measure of peripheral infection, and the only reason to
prefer a primary infection via the brain is the high death rate which follows, there-
by considerably increasing the economy of the method.

From the available data yet other conclusions may be drawn. CAIRNS (1950)
estimated that only two to eight per cent of the material remained in the brain
and the meninges of a mouse after intracerebral inoculation. From this, the
difference between LD5q and IDsg in mice should be more than ten-fold. As we
have seen, it is only two- to three-fold which indicates that the average sensitivity
of the tissues within the skull is approximately five times higher than the average
sensitivity of the rest of the body. It also indicates that the mouse titration under-
estimates the number of potentially infectious units by a factor of at least five.

Recently, OLpstoNE and Dixox (1968a; 1968b) claimed that certain inbred
mouse strains, notably C3H, are significantly less susceptible to the CA 1371
(=NIH 7022) strain than are ordinary albino mice. Since this observation had
been based on deaths only, the question remained whether the survivors had
been infected at all, and if so whether they were actively immune or carriers.
In my own experiments (LEHMANN-GRUBE, 1969d) it was found that the
differences in susceptibility based on deaths as well as on infections between a
variety of inbred strains were slight and not significant, even with mice from the
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same source and the same virus strain as had been used by OLDSTONE and D1xoN
(1969d). HanNovER LARSEN (1969d) did not observe differences between mouse
strains either. His criticism of the work of Oldstone and Dixon on which their
conclusion was based appears to be fully justified. However, since Mims and
TosorLINI (1969) reported from Canberra that C57 BL. mice were refractory to the
WE virus, which is contrary to the results in Marburg, true differences between
laboratories seem to exist for which no explanation is available.

As has already been discussed (see Section V. A. 2), the inoculation of the LCM
virus into the foot pad of the mouse is followed by a local inflammatory reaction.
This foot pad reaction has been recommended as the oriterion for a quantal
response. Its advantage lies in the fact that the final reading may be made much
sooner than after intracerebral inoculation followed by challenge. However, the
method still rests on the use of mice, and since only one foot per animal is
employed, the same number is required as for the intracerebral test. Furthermore,
the individual inoculation is slower and the daily inspection more time-consuming
so that it appears questionable whether the overall economy of the test is improved.
(There is a priori no reason why all four feet of a mouse should not be utilized as
independent assay units. This possibility should be explored experimentally and
may make the quantal titration in mice much more economical.) Use of loss of
weight of the individual mouse as a criterion of infection (HoTcHIN and BENSON,
1962; 1963) does not appear to be of advantage.

In order to overcome the difficulties which are associated with the use of
animals, we have worked out an ¢n vitro method which utilizes the production
and the release into the medium of complement-fixing antigen by culture cells
infected with LCM virus (LEHMANN-GRUBE and HESSE, 1967). In brief, L cell tube
cultures are inoculated with virus diluted serially and are incubated in a stationary
position at 37° C for six or seven days depending on the virus strain under study.
Each tube is then individually tested for complement-fixing antigen and the ID5o
is estimated according to one of the known procedures. It should be mentioned
that the amount of antigen released by the cells is considerable. In repeated ex-
periments 16 to 128 units were found in the medium of E-350 or WE-infected
L tube cultures, as determined in conventional complement fixation tests against
five times 107 sensitized sheep red cells employing two full units of complement.
The final amount of released antigen varied little and was always independent
of the initial inoculum.

This method which has been used in our laboratory for more than four years
is easy to perform, relatively fast, and much more economical than any assay
based on mouse inoculations. The dose-response relationship conforms with the
most simple hypothesis, namely that one and only one unit initiates infection,
which is mathematically expressed by the zero term of the Poisson distribution.
For this reason, the test recommends itself to be used for the estimation of the most
probable number which, on theoretical grounds, is preferable to the IDs¢ (LEH-
MANN-GRUBE, 1969b; 1969¢).

Based on the cytopathic effect in chick embryo fibroblasts, BENsoN and HoTcHIN
(1960) performed virus titrations in tube cultures. For the same type of assay,
DrIBeL et al. (1965) found adaptation of the virus to the cells to be a pre-
requisite. As has been discussed (see Section ITI. B. 4), a reproducible cytopathic
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effect in these cells is difficult to obtain. A further quantal test has been recom-
mended by OLpsToNE and Dixon (1968c). It is based on the development of
immunofluorescence in infected tube cultures. Its interesting aspect is the fact
that specific fluorescence was seen at virus dilutions as high as 10-10. This is
several orders of magnitude higher than the infectious titer to be expected in
mouse titrations, indicating the presence in the stock virus (mouse brain
suspension) of a great majority of viral units with reduced infectivity. It is to be
regretted that the published information is not sufficiently detailed to permit the
estimation of a minimal ratio of physical to infectious units, of which we know
nothing as regards LCM virus.

2. Quantitative Procedures

Virus titrations based on quantal responses are of inherent low precision
(MEYNELL, 1957). Given the same number of assay units, quantitative assays are
much more accurate. Attempts to improve the titration of LCM virus by applying
quantitative procedures have met with great difficulties. The time between
inoculation of the mouse and its death — usually called the latent period or
preferably the survival time — successfully employed with other viruses is not
a useful measure of infectivity. Mice inoculated intracerebrally with LCM virus
never show signs of illness or die before the fifth day, irrespective of the dose
administered. Thereafter, they succumb within a relatively short time. Data from
an Armstrong virus titration, which had been analyzed according to quantal criteria
previously (LEEMANN-GRUBE, 1969b), have been re-evaluated quantitatively. The
differences between survival times relative to the doses were too small to be of use
for the quantitation of infectious units. They were, however, significant. The
proportion of mice found dead on day five as opposed to those which died later
differed significantly between dilutions. ¥2 was estimated to be 166.8 which, with
five degrees of freedom, corresponds to P<C0.001. A similar analysis with the
WE strain was hampered by this virus’ marked zone phenomenon (Fig. 10). How-
ever, taking only those mice into account which died in the high zone region
(10° to 10-5), the differences between dilutions were not significant, which con-
firms the finding of RocErR and RocER (1964a) who, working with the same
strain, observed no influence of the dose on the survival time. It is presumably
for this reason that the “comparative index of virus activity” (Haas, 1954) which,
among other variables, is based on survival times has not found general accept-
ance in spite of its apparent advantages.

The possibility of using the foot pad response (see Section V. A.2) for the
quantitative assay of LCM virus was explored by Rocer and Rocrr (1964d;
1964e). For reasons just pointed out in connection with the intracerebral inocula-
tion, the latent period was not recommended. More promising results were
reported with two other measurements: duration and extension of the local
response.

Bensox and HorcHIN (1960; BENSON, 1960) were the first to describe an in vitro
method based on the focal destruction under agar of chick embryo fibroblasts
caused by single infectious units of the WE strain of LCM virus. We have not
succeeded in our efforts to employ this method, and other workers, including the
original authors (HOTCHIN, personal communication), had great difficulties too.
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Apparently, the assay conditions are very critical, and minor deviations may vitiate
the results. The use of L cells (BENsoN, 1961b) instead of chicken fibroblasts does
not seem to have been pursued further.

Another test has been worked out by ACKERMANN (1961a). He found that focal
exclusion of neutral red developed in monolayers of tertiary mouse embryo cells
maintained under agar after infection, even though cytopathic effects were
absent. Probably because it has not become available in published form, this
promising method has not attracted wider attention.

Hope of improvement was again raised by the report that the hemadsorption
interference test, originally worked out for the rubella virus by Marcus and
CaRrvVER (1965), was adaptable to the titration of LCM virus (WAINWRIGHT and
Mmms, 1967). Again, disappointment soon followed. In this laboratory my col-
league, Dr. W. Slenczka, was not able to put the method on a solid footing, and
further attempts were not made when Mims himself related (personal communica-
tion) that the results were not satisfactory for routine use.

Fig. 16. Plaques of LCM virus on agar cell suspension culture of BHK-21/513 cells

So far, the last approach to this problem has been made by SEDWICK and WIK-
ToR (1967). Employing the agar cell suspension plaque assay of CoorERr (1961),
they found that various noncytopathogenic viruses, including that of LCM, caused
focal exclusion of neutral red in BHK-21 clone S13 cells. We have modified the
method which is now in use in this laboratory in the following way. Plastic Petri
plates, six cm in diameter, receive a bottom layer which consists of minimal essential
medium (EAGLE, 1959) with two per cent fetal calf serum, solidified by 0.5 per cent
agarose (Medium I). BHK-21/S13 cells, grown in Roux bottles using Eagle’s
medium plus ten per cent tryptose phosphate broth (Difco) plus two per cent fetal
calf serum (Medium II), are dispersed by the action of trypsin. They are resus-
pended in Medium I, counted, and diluted to a concentration of 107 cells per ml.
Equal volumes of the cell suspension warmed to 37° C and Medium I warmed
to 42°C are mixed and poured onto the bottom layers, one ml per plate. Virus is
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diluted with Medium II, and 0.1 ml portions are placed on the cells which are then
incubated at 37°C in five per cent COg for four days. Two ml of neutral red,
1: 5000 in 0.5 per cent agarose, are then layered on top of the cells and plaques are
counted after four hours’ further incubation. (We are grateful to Dr. T.J. Wiktor
who supplied us with the cells and made valuable technical suggestions.) This
method is satisfactory: the plaques are clearly defined and easy to count
(Fig.16); the efficiency has proved to be comparable to titrations in L cell tube
cultures (see above); the relationship was found to be as expected ; and virus clones
are readily obtained (SCHOIERER and LEEMANN-GRUBE, unpublished) as could
be expected from the report by ZGORNIAK-NOWOSIELSKA ef al. (1967) who freed
LCM virus preparations of contaminating mycoplasmas by plaque-picking
procedures utilizing the just mentioned method.

Whether the seven isolates reported to cause cytopathic plaques on chick em-
bryo fibroblasts under agar are true LCM viruses (CHASTEL, 1965) is doubtful
(see Section XII).

B. Serology

1. Neutralization Test

In principle, the neutralization of infectivity may be assayed in two ways:
(1) by keeping the serum constant and varying the virus, or (2) by keeping the virus
constant and varying the serum. In the case of the LCM virus, with few exceptions
the former method has been and still is being employed. In the early work guinea-
pigs were often used as assay hosts, and TrauB (1936b) reported that the
subcutaneous inoculation of the serum virus mixture into the plantae of these
animals revealed antibody with higher efficiency than inoculation into the brain.
Later, the mouse was usually preferred ; the details were worked out by LEEMANN-
GRUBE ¢t al. (1960) and ScHEID ef al. (1960). With minor modifications based on
more recent experience the test is performed as follows. Virus in the form of
either infected tissue homogenate or infected cell culture fluid is diluted serially
with buffered saline containing one per cent inactivated calf serum. Equal volumes
of virus and undiluted, noninactivated test serum are mixed and held for two
hours at 37° C. A control titration is run under similar conditions; but species-
identical normal serum is not admixed for the following reason: most human sera,
and possibly some animal sera as well (but not calf sera), contain nonspecific virus-
inactivating substances (see Section V. H. 3) which may confound the estimation
of the neutralizing activity. Besides, the virus is perfectly stable for two hours
at 37° C in the presence of one per cent bovine serum. Mice are inoculated intra-
cerebrally. If Armstrong’s strain E-350 is employed, the estimation of the titer
may be based on mortality between the 5th and the 14th day (LDsg). With other
strains, challenge on the 21st day and estimation of the IDs¢ is considered
necessary for obtaining optimal accuracy (see Section XI. A. 1). The neutralizing
activity of a serum is expressed as the neutralizing index, which is the quotient
of the virus titers determined without and with antiserum. There can be no
doubt that human sera lose specific neutralizing potency upon heating at 56° C
(see Section V. H. 3). Whether this applies to animal sera as well seems to be un-
known. I found the neutralizing potency of mouse antisera to be reduced by
heating, but TrRAUB (1961a) noticed augmentation under similar conditions.
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The constant serum-variable virus technique was criticized by FazEkas
DE ST. GROTH (1962) who considered it “uninformative, wasteful of material, and
prone to nonspecific inhibition”. Certainly the latter two accusations apply to our
previously recommended procedure. Indeed, there is no good reason not to employ
the much more widely used constant virus-variable serum technique. Using a
recently developed ¢n vitro virus assay (see Section XI. A. 1), a quantal neutral-
ization test is now worked out in this laboratory in much the same way as it is
done with many other viruses, the neutralizing titer of a serum being the reciprocal
of that dilution which reduces 100 ID5¢ down to one IDs5g.

The foot pad of the mouse has repeatedly been recommended for assaying the
neutralizing capacities of antisera. Titers were found to be higher when based
on the foot pad reaction rather than on mortality following intracerebral inocula-
tion (RogER and HorcHin, 1962; HorcHIN, 1962b; TRAUB, 1964 ; WiLsNACK and
Rowg, 1964; RoceEr and RocER, 1964 f.; 1965a; HorcHIN ef al., 1969). The
question whether this phenomenon is due to different dilution and dissociation
effects after intracerebral or foot pad inoculation or whether it reflects differences
of the host cells’ ability to compete successfully with antibody for the virus cannot be
answered from the available data. It is noteworthy that the virus may be partially
neutralized to the extent that a general infection is prevented and immunity to
intracerebral challenge does not develop, although local immunity may be present
as demonstrated by failure of the foot to respond to reinoculation (HorcHIN, 1962b).

According to BARLOW and WIELAND (1960), confirmed by HoTCHIN ef al. (1969),
use of a diluent for virus and antiserum consisting of 0.05 to 0.1 per cent bovine
serum albumin in water and incubation for 18 to 24 hours at 2° to 12° C raise the
titer 100-fold or more.

The preparation of antiserum poses no problem. Almost any animal will react
to the inoculation of the virus with the production of usually low to moderate
concentrations of specific inhibiting substances. In mice, high neutralizing serum
titers may be induced by adoptive immunization of carriers (see Section V. A. 4. b).

2. Complement Fixation Test

The complement fixation titer of a serum is defined as the reciprocal of that
dilution which fixes all or a defined proportion of complement — which in turn
is standardized against the number of sensitized erythrocytes present — with an
excess of antigen. With this arrangement antiserum is the limiting component of
the reaction. Occasionally another path is taken; the serum is kept constant and
complement is varied (KAUP and KRETSCHMER, 1917). It goes without saying that
both procedures may be adapted to the measurement of complement-fixing anti-
gen. While in most laboratories LCM virus complement-fixing antibody or antigen
is titrated by diluting one and keeping the specific partner constant in some
excess, Scheid and his co-workers prefer the alternative method. The motivation
given by JocHHEIM ef al. (1957) does not convince. In fact, this method has a priore
at least one major disadvantage; it does not accurately reflect the complement-
fixing capacity of a given serum at a given dilution if the antigen becomes limiting.
This, however, may occur. EqcErS (1958) has shown experimentally that the
linear relationship between the number of fixed complement units and the amount
of serum present held only in the range of the lower antiserum concentrations.



Technical Procedures 139

With high titer sera, the antigen soon became limiting, as a consequence of which
the curve flattened leading to a constant complement titer, irrespective of the
amount of antibody present. Furthermore, Eggers could show that in the region
of relative antigen excess less complement than expected was fixed, indicating a
zone phenomenon. Finally, the slopes of the lines connecting amount of antiserum
present with the amount of complement fixed varied considerably between anti-
sera, thus making a conversion of the complement titers, given by Scheid and his
colleagues in a number of papers, for a quantitative comparison with data from
other laboratories difficult if not impossible.

Complement fixation antigen may be derived from various sources by a
number of techniques. Howrrr (1936/37; 1937) utilized homogenized and ether-
extracted infected mouse brains. LEPINE ef al. (1938a; 1938b) employed hepatized
portions from infected guinea-pig lungs made up to a one per cent homogenate
and filtered through paper. TRaUB and ScHAFER (1939) triturated livers or lungs
from infected guinea-pigs or whole embryos from carrier mice and used the super-
natant after slow centrifugation. Casars and Pavacros (1941) prepared their
antigen from infected mouse brains by five cycles of freezing and thawing followed
by centrifugation. By a similar process, WHITNEY et al. (1952; 1953) obtained an
antigen from chorioallantoic membranes and bodies of chick embryos infected via
chorioallantoic membrane or yolk sac; the infectivity was inactivated by ultra-
violet irradiation. LEWIS ef al. (1965) found an LCM virus-infected transplantable
hamster tumor to be a good source of antigen. ACKERMANN (1961 a) recommended
use of cell-associated antigen from infected mouse embryo cells in culture. SCHELL
et al. (1966) extracted antigen from LCM virus-infected African green monkey
kidney cultures by three cycles of freezing and thawing followed by homogen-
ization in a blendor. BRowN and Kirk (1969) obtained their complement-fixing
antigen from disrupted BHK-21 clone S13 cells after infection with either WE or
Armstrong strains of LCM virus. In our laboratory, WE strain-infected sonicated
L cells are often used.

Undoubtedly, the now most widely employed antigens are those of Smadel
and his co-workers and Gresikovd and Casals. Smadel’s soluble antigen is
prepared as follows (SMADEL et al., 1939a; 1939b). Spleens from WE strain-
infected guinea-pigs are taken at the height of the disease and are homogenized
with saline plus two per cent inactivated guinea-pig serum. The supernatant fluid
after ultracentrifugation represents the antigen. SMADEL ef al. (1939b) had found
less antigen in guinea-pig lungs and livers as compared with the spleens, but in our
laboratory all three organs are homogenized together, which results in specific
activity not inferior to the one found with spleens alone. According to ZA&kovA
et al. (1959), ultracentrifugation may be omitted if the supernatant from low speed
centrifugation is shaken with bentonite and thereafter centrifuged again. GRESf-
govA and Casars (1963) adopted the sucrose acetone extraction method of
CLARKE and Casawns (1958) for the preparation of LCM virus antigen. Seven days
after the intracerebral infection of four-day-old mice a 20 per cent brain homoge-
nate is prepared with 8.5 per cent sucrose in water. This is extracted three times
with acetone, dried, resuspended in saline, and centrifuged at 10,000 r.p.m. The
specific activity of the supernatant fluid is said to be very high. A similar approach
was chosen by CHASTEL and LE Noc (1968). They infected three- to five-day-old
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mice intracerebrally. Five days later, the brains were homogenized and treated
four days at 4° C with trichlorotrifluoroethane. The aqueous phase was centrifuged
and the supernate served as antigen.

While the provision of complement-fixing antigen causes no serious diffi-
culties, obtaining complement-fixing antisera may be more laborious. In this
laboratory, rabbit antisera are routinely produced by intravenous inoculation of
cell culture-grown WE strain virus on days zero, one, two, and five. On days 10,
13, 16, 19, 22, 25, and 28 the rabbit is bled and the sera are assayed for comple-
ment-fixing antibody. Those with adequate titers are pooled and stored frozen.
With rabbit sera, nonspecific and/or anticomplementary activities may be a great
nuisance. They are, however, satisfactorily removed by heating for 20 minutes at
65° C rather than at the usual 56° C (Casars and Pavacios, 1941 ; JOCHHEIM et al.,
1957). Although approximately half the specific activity is lost, the net gain is
considerable (LEHMANN-GRUBE, unpublished). Some authors prefer guinea-pig
sera which usually are less inhibitory. SMADEL and WALL (1940) obtained sera with
titers up to 512 by inoculating hyperimmune guinea-pigs with partially purified
noninfectious s-antigen, “‘the simplest means so far available for regularly ob-
taining C-F serum of high titer”. Others found the response in these animals to be
unreliable; with some virus guinea-pig combinations no complement fixation
activity at all developed (see Section V. B. 3).

Although the titers are not high and the amounts obtainable small, mouse sera
are sometimes employed. Recently, their value as a source for antibody has risen
considerably ; VOLKERT et al. (1964) showed that adoptive immunization of carrier
mice induced extraordinarily high titers. Indeed, specific fixation may still occur
at serum dilutions as high as 1: 8000 (see Section V. A. 4. b). In our laboratory,
sera from adoptively immunized LCM virus carriers have replaced other sera for
most purposes. Using the microplate technique (SEVER, 1962), no difficulty is
encountered to make sufficient material available. The report that ascitic fluid
from LCM virus-immunized mice exhibits adequate complement fixation activity
(BARLOW et al., 1967) is likely to further stimulate use of the mouse as a source
for LCM virus antibody. Sera from other species, notably man and monkey, are
being employed occasionally.

3. Other Serological Methods

Detection of antibody by the indirect immunofluorescence method (TRIANDA-
PHILLI et al., 1965; COHEN et al., 1966; BEnsoN and HorcHIN, 1969; LEwIs and
CLAYTON, 1969a) promises to be of value. The necessary reagents may be prepared
in advance to be used on demand. LCM virus-infected cells are spread on slides
and, after fixation, are stored at —50° C. The fluorescein isothiocyanate-conju-
gated anti-y-globulin is lyophylized and may then be kept at 4° C. In the test, the
infected cells are exposed to serially diluted diagnostic serum and overlaid with
conjugate. Typical immunofluorescence in at least three different fields is regarded
positive. Apparently, this method poses some difficulties; BENDA ef al. (1965)
employed it and found it to be insensitive and unsuitable. However, in a more
recent report from the same laboratory, the usefulness of the immunofluorescence
technique for the demonstration and titration of LCM-specific antibody was
confirmed (HRONOVSKY et al., 1969).
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A simple and quite reliable way to appraise qualitatively the serologic identity
of an isolate is by cross immunization tests. Guinea-pigs and/or mice are immunized
with a standard virus to be challenged with the unknown strain and wvice versa.
On occasion, passive protection of animals by means of immune sera has been
explored experimentally (see Section V. I. 2). Finally, precipitation tests directly
(SMADEL et al., 1940) or in agar (BArRLOW and MuUsTICO, 1966) may be of value to
answer certain questions.

XII. Virus Strains of Doubtiul Association with LCM

Of the many agents reported over the years to represent strains of LCM virus
many, but not all, were identified to everybody’s satisfaction. Some of these
agents have been excluded in the past, but many others are still awaiting further
evaluation.

From the cerebrospinal fluids of two patients, MacCaLLUM ef al. (1939) isolated
identical agents which were found to resemble LCM virus in some respects. They
were named the virus of pseudo-lymphocytic choriomeningitis. This later turned
out to be ectromelia virus (MacCaALLUM et al., 1957).

For years, swineherd’s disease (“‘maladie des porchers”) was thought to be
caused by an agent related to LCM virus. Durand and his colleagues, on whose
work this claim was mainly based, did not mention LCM (DURAND et al., 1936a;
1936b; 1936¢). Indeed, their data revealed profound dissimilarities of the two
agents. It is not possible, after so many years, to find the reason for this confusion.
To make it short, swineherd’s disease, as we know it today, is a leptospirosis
(GSELL, 1944 —46).

Duranp (1940) isolated a virus “D” in guinea-pigs from his own blood during
a febrile illness. Although the author himself found it to be different from other
known agents, including that of LCM (“‘une autonomie compléte”), it was
sometimes associated with the latter, apparently without further experimental
evidence.

An agent isolated by Carposo (1941/42b) from the blood of a child with
meningitis living in or near Lisbon, Portugal, was thought by the author to be a
strain of LCM virus. The disease signs in mice, either as described or as illustrated
by pictures, were not at all characteristic; nor was the agent identified by compari-
son with a prototype virus.

A virus was isolated by HUMPHREYS ef al. (1944) in guinea-pigs inoculated with
Dermacentor andersont ticks trapped in British Columbia which had previously fed
on a normal guinea-pig. Although Humphreys and his colleagues did not make
such claims, the new agent was later frequently thought to be at least related to
LOM virus. No serologic studies have been reported, and the clinical signs as well ag
the pathology in experimental animals were different between the two agents
(HuMPHREYS et al., 1944 ; PERRIN and STEINHAUS, 1944 ; LiLLIE and ARMSTRONG.
1945). Thus, no reason exists to maintain that Humphreys’ virus has anything to
do with LCM.

LEPINE et al. (1943) at the Pasteur Institute in Paris isolated a virus in guinea-
pigs which had been inoculated with materials from a sick horse. From the
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pathology it caused in the experimental host it was named “virus de la pneumo-
pathie des cobayes”. Its true origin remained obscure; while it might have come
from the horse, the authors considered the guinea-pigs the more likely origin.
Some time later, BLANC ef al. (1948; 1951a) received from the Institut Pasteur
at Paris a guinea-pig which had been inoculated with material containing Q fever
rickettsiae originating in Australia. From the animal’s spleen they isolated an agent
which caused a disease in guinea-pigs closely resembling ‘“‘pneumopathie des
cobayes”. In initial studies, Blanc and his colleagues saw no apparent illness
develop (“infection strictement inapparente”) in a variety of mammalian species
including man, except local reactions after inoculations into eye and skin (Branc
and BRUNEAU, 1948; BLANC ¢ al., 1948). Later, however, with man as the experi-
mental host, BLaNc et al. (1951a; 1951 b) compared the new virus with prototype
LCM strains and found that infection with the guinea-pig virus led to charac-
teristic clinical signs which were indistinguishable from those following the
inoculation of strains WE or Armstrong. Furthermore, infection with LCM virus
induced immunity to the guinea-pig virus and vice versa. Finally, after infection
with the new isolate, LCM complement-fixing antibody, and, after infection with
LCM virus, antibody to the isolate appeared. The pathology in mice and guinea-
pigs was said to be similar after infection with either virus. Thus, both in their
pathogenetic potentials as well as serologically the agents under question seemed
to be identical. However, there were differences, the most notable of which was
the fact that the new agent killed mice as early as four days after infection, which
true strains of LCM virus never do. Furthermore, the agent was found to be very
heat stable which, again, contrasts with LCM virus. Nothing further has been
reported of the relationship between Blanc’s agent and Lépine’s original “‘virus
de la pneumopathie des cobayes”; the latter had been found by LEPINE and
SAUTTER (1945) to differ from true LCM strains. Thus, while the agent of Blanc
and his colleagues may be a strain of LCM virus, this cannot be considered as
having been unequivocally established. It is for this reason that the interesting
experiments dealing with the transmission of the guinea-pig virus from inoculated
pregnant guinea-pigs and rabbits to their embryos (BLaNc and BRuNEAU 1951 a;
1951b; BLANC ef al., 1951 b; Braxc, 1952) will not be analyzed here.

With a yellow fever vaccine, prepared from infected mouse brains (batch No.
26), which had previously been shown to be innocuous, MOLLARET and FiNpLAY
(1936) inoculated four persons of whom three developed febrile illnesses and the
fourth a meningoencephalitis. Two of six mice which had received intracerebrally
blood from the patient with the disease of the central nervous system had spasms
of the hind legs. Only one further passage in mice was successful. No antibody
neutralizing LCM virus could be demonstrated in either the patient or in two
monkeys inoculated with the vaccine. LAIGRET and DURAND (1936) demonstrated
identical agents in the colony (from which the mice for the vaceine 26 had come ?),
in a patient, and in chicken embryos (!), used for the preparation of cell cultures.
Serologic identification was not achieved. Although the authors themselves did
not make such claim, these reports have frequently been taken to prove that the
LCM virus may be a contaminant of yellow fever vaccines prepared from mice.
While such an event must be considered a definite possibility, the published
evidence does not permit the conclusion that this has ever happened.
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A virus isolated by Tavr.or and MacDowzLL (1949) from a transplanted mouse
leukemia was reported by LINDORFER and SYVERTON (1953/54) to be related, though
not identical, to LCM virus. The accompanying data are insufficient. Furthermore,
the signs in mice caused by the “MacD.” virus were not characteristic of an
LCM disease (TayLor and MacDoweLL, 1949). Essentially the same may be said
of the M-P virus whose alleged relationship with LOM virus (MoLoMuT and
Papx~os, 1965) was based on scanty serologic similarity; otherwise, there were
marked differences.

Besides five strains of LCM virus, STEWART and Haas (1956) isolated four
more agents from mouse neoplasms whose identity as LCM virus they regarded as
a ‘reasonable conjecture’’. The accompanying data are not sufficient to make
a decision.

Some similarity was reported by CHuMAKOV (1949) (see also SHVAREV, 1966)
to exist between the LCM virus and an agent which was said to have caused
an epidemic, predominantly in children, of a subacute chorioencephalitis charac-
terized by peculiar psychopathological alterations which had occurred in 1947/48
in Moscow. (I have not been able to obtain the original literature on the compara-
tive study of these two viruses.)

An agent which had caused abacterial meningitis in at least 262 persons in
a village near Heidelberg was thought by BinaeL (1951) to be a modified
strain of LCM virus. The evidence is not convincing. SEDALLIAN ef al. (1954)
isolated an agent from a human case of benign meningitis and considered it to
be a variant of LCM virus in spite of marked biological as well as serological
dissimilarities.

Other viruses whose identity is uncertain have already been mentioned. Neither
the cell culture-adapted strain of JUNeGEBLUT and Kopza (1963 b) nor the cell culture
variant of MacCaLLuM and FINpLAY (1940) may be accepted (see Section IX).
The alleged LCM virus (“Tunis”) isolated by VERMEIL and MauRrIN (1953) from a
toxoplasma strain, which — 295 intraperitoneal mouse passages previously — had
been isolated in Holland from a patient, was serologically different from an LCM
prototype virus.

During a search for arboviruses in Cambodia, CHASTEL (1965) isolated seven
strains in suckling mice which he obtained from human serum (one), reptiles (four),
amphibians (one), and a pool of Culex fatigans mosquitoes (one). Their identifica-
tion was based on inhibition of plaques which they produced on monolayer cul-
tures of chicken embryo fibroblasts by a reference antiserum. Otherwise they
differed in many respects from true representatives of LCM virus. Neither the
numerous isolates reported by BLaxc et al. (1960) to have originated in small mam-
mals trapped in Morocco, nor the ones Russian workers (LEvVI et al., 1953;
GLUSHCHENKO et al., 1957) found in small rodents, mosquitoes, and ticks have been
sufficiently characterized as to allow their final identification. The same is to be
said of the altogether 21 agents obtained by REISS-GUTFREUND ef al. (1961 ; 1962;
RE1sS-GUTFREUND, 1962) from a variety of mammals and arthropods in Ethiopia.
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