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I. Introduction 

Inapparent virus infections of experimental animals and tissue culture systems 
present to the investigator a problem which it is impossible to overcome completely. 
Although all recognised viruses can be excluded from an experimental system, 
previously unsuspected viruses causing no obvious effects ('silent' viruses) will 
continue to be discovered. A truly silent virus would replicate, causing no change 
in its host cell, damage to infected tissue or immune response and would pre
sumably be of no consequence. It is the relatively silent viruses which cause virtu
ally no pathological changes but can alter the response of a test system, which are 
important. The lactic dehydrogenase virus (LDV) is an interesting example of 
such a virus. It causes no clinical disease in mice but can significantly alter their 
response to other infective agents and to the development of tumours. If the ideal 
virus is one which replicates rapidly and continuously without killing its host and 
is easily transmitted, LDV must be almost perfect. It replicates very rapidly in 
mice of all strains so far tested, produces a stable infection with a continuously high 
level of infective virus in the blood for the remainder of the animal's life, yet causes 
no harm to its host. It lacks, however, one important property; the ability to pass 
readily from one animal to another under natural conditions. Infected females 
often fail to infect their young and transmission between adults is not very fre
quent. However, no doubt because of the permanence of the infected state, the 
virus survives in wild mice and is easily transmitted inadvertently by experi
mental procedures. Any tissue taken from an infected mouse will be highly 
infectious, and this has resulted in many viruses and tumours passed in mice 
being contaminated with LDV. 
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The detection of silent virus infections is often quite simple once a test system 
has been described. It is interesting that LDV was discovered independently in 
three laboratories at about the same time, but detected by entirely different 
methods in each case. The first method to be reported and the most useful way of 
diagnosing the infection was that described by RILEY and his colleagues (RILEY, 
LILLY, HUERTO, and BARDELL, 1960), namely a massive increase in the level of 
lactate dehydrogenase (LDH) activity in the plasma of infected mice. In the other 
two laboratories, infection with LDV was recognized by less specific methods: 
in one by a moderate degree of splenomegaly (POPE, 1961) and in the other by 
interference with the replication of vesicular stomatitis virus (ROWE, HARTLEY, 
and HUEBNER, 1962). 

RILEY'S discovery of LDV resulted from the study of plasma enzyme levels 
in tumour-bearing experimental animals. The levels of activity of a number of 
plasma enzymes had proved useful in the diagnosis and follow-up of certain 
disease processes including some tumours (WILKINSON, 1962). For example, acid 
phosphatase activity was raised in patients with carcinoma of the prostate (GUT
MAN and GUTMAN, 1938) and alkaline phosphatase in cases of osteogenic sarcoma 
(FRANSEEN and McLEAN, 1941). In a search for further tests which could be used 
in the early diagnosis of tumours, plasma enzyme levels were measured in tumour
bearing experimental animals and patients. Plasma aldolase levels were found to be 
raised in tumour-bearing rats and in 20 per cent of patients with cancer (SIBLEY 
and LEHNINGER, 1949, a and b) and plasma LDH levels in patients with a number 
of different malignant tumours (HILL and LEVI, 1954). In mice bearing a trans
plantable rhabdomyosarcoma, the plasma LDH level showed a sharp rise by the 
fourth day after implantation. The plasma LDH activity remained elevated but, 
showed no further rise until tumour growth had become extensive when a further 
rise in LDH activity was observed (HSIEH, SUNTZEFF, and COWDRY, 1956). 
WROBLEWSKI and LA DUE (1955) found that the plasma LDH level was raised in 
patients with myocardial infarction and in cases of leukaemia of the acute stem 
cell and chronic myelogenous types. FRIEND and WROBLEWSKI (1956) followed up 
this observation by observing the plasma LDH level in mice injected with four 
transplantable strains of murine leukaemia. The strains varied in their speed of 
growth and in the length of time the recipient mice survived. The rapidly growing' 
strains caused a rapid and progressive rise in plasma LDH activity but the most, 
slowly growing strains which took 17 days to kill the mice caused a biphasic rise, 
in plasma LDH activity similar to the changes reported previously by HSIEH, 
SUNTZEFF, and COWDRY (1956) using the transplantable rhabdomyosarcoma. A 
similar early rise in plasma LDH occurring within 3 days of injection of tumour' 
cells was reported by MANSO, SUGIURA, and WROBLEWSKI (1958). RILEY and 
WROBLEWSKI (1960) examined in greater detail the plasma LDH changes following 
the injection of mice with Ehrlich carcinoma cells. They observed 5 phases in the~ 
plasma LDH curves from the tumour-bearing mice (Fig. 1). There was a latent, 
period of 1 to 2 days after tumour implantation followed by a rapid increase in. 
enzyme activity from normal values of approximately 500 units to between 
2,000 and 6,000 units. This 5- to 10-fold increase occurred before detectable, 
tumour growth could be observed and was followed by a plateau level of LDH 
activity for several days before a second rapid rise occurred as the tumour enlarged •. 

1* 



4 Introduction 

With increasing tumour mass plasma LDH activity rose to a level of 25,000 to 
50,000 units. The final phase was a fall in plasma LDH activity just prior to 
death. RILEY and WROBLEWSKI (1960) treated mice bearing Ehrlich carcinomas 
with orthophenylenediamine, an anti-tumour drug, and noted that as the tumour 
regressed, the plasma LDH level fell but although some of the mice remained 
tumour-free for several months, the plasma enzyme activity never returned to a 
completely normal level. In further experiments, RILEY and his co-workers (RILEY, 

/'/#m3 LON 3diYll!! 
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Fig. 1. Correlation of the five phases of lactic dehydrogenase (LDH) activit,y in the plasma with progressive growth 
of the solid Ehrlich carcinoma in mire. 

The complex enzyme response following tumour implantation is due to the combined effect of infection with LDV 
and tumour growth. (From R ILEY aud Wa6BJ.EwBKI. 1960) 

LILLY, HUERTO, and BARDELL, 1960) found that the injection of plasma from 
tumour bearing mice into normal mice caused an early rise in plasma LDH activity 
which occurred within 3 days and was similar in magnitude to the early rise in LDH 
activity following the transplantation of tumour tissue. The 5- to 10-fold increase 
in plasma LDH activity caused in this way was permanent, although the mice did 
not develop tumours and, what was even more remarkable, the alteration in plasma 
LDH activity could be transmitted serially from mouse to mouse by the injection 
of plasma or tissue extracts. An infective agent was clearly responsible for the 
raised plasma LDH activity and its presence in the plasma of infected mice was 
stable and permanent. The causative agent was inactivated by heating to 70° C 
and would pass through bacteria-proof filters. It was, therefore, a virus-size particle 
and appeared to be responsible for the early rise in plasma LDH activity which 
had been observed previously by workers using transplantable murine tumours 
and leukaemia. Figure 2 shows the plasma LDH levels in mice injected with leu
kaemia cells contaminated with LDV or free of the virus, and the response to the 
virus alone. It is clear that the biphasic response is due to the combined action of 
LDV and the tumour cells. RILEY and his co-workers (RILEY, LILLY, HUERTO, and 
BARDELL, 1960) examined 26 transplantable murine tumours and found the virus 
in each of them. This suggested that the virus might play some part in the neo-



Introduction 5 

plastic process but it soon became clear that it was a chance contaminant of any 
tumour or virus preparation passed in mice. It was not present in the plasma of 
mice with primary tumours either spontaneous (MUNDY and WILLIAMS, 1961; 
N OTKINS, BERRY, MOLONEY, and GREENFIELD, 1962; GEORGII, BAYERLE, BRDICZKA, 
and ZOBL, 1963), or induced by X-rays or chemical carcinogens (RILEY, 1961 and 
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Fig. 2. Plasma lactic dehydrogenase activity in AKR 
mice following the inject.ion of leukaemic cells conta
minated with LDV (L!.--L!.) or free of the virus 
(0----0) and LDV alone (e--e). (From ADAMS, 

ROWSON, and SALAMAN, 1961) 
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Fig. 3. Plasma lactic dehydrogenase activity in stock 
albino mice injected with Moloney leukaemia virus 
A) as originally obtained from Dr. Moloney and B) after 
tissue culture passage. (From ADAMS, ROWSON, and 

SALAMAN,1961) 

1962b; NOTKINS, BERRY, MOLONEY, and GREENFIELD, 1962; CRISPENS, 1963a). 
A few transplantable tumours were also found to be free of the virus (MUNDY and 
WILLIAMS, 1961; NOTKINS, BERRY, MOLONEY, and GREENFIELD, 1962). Among 
the 26 tumours which RILEY and his co-workers had originally found to contain 
the virus were leukaemias induced by the Friend and Moloney leukaemia viruses. 
These viruses were shown to be contaminated with LDV (ADAMS, ROWSON, and 
SALAMAN, 1961; MARY, ROWSON, SALAMAN, and PARR, 1964; NOTKINS, BERRY, 
MOLONEY, and GREENFIELD, 1962). When these leukaemia viruses were passed 
through mouse embryo tissue cultures or newborn rats, the LDH virus was lost and 
the purified leukaemia viruses no longer caused a rise in plasma LDH activity 
before the development of advanced leukaemia (Fig. 3). 

In spite of the large amount of virus produced and evidence that the activity 
of the reticuloendothelial system was impaired in LDV-infected mice (MARy, 1964), 
no histological changes were readily detected (RILEY, HUERTO, BARDELL, LOVE-
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LESS, and Frr2lMAURICE, 1962). However, it has recently been shown that there is 
necrosis of thymic-dependent areas in the spleen and lymph nodes during the 
first 48 hours after infection followed by proliferation of germinal centre cells 
resulting in a minor degree of splenomegaly (PROFFITT and CONGDON, 1970; PROF
FITT, CONGDON, and TYNDALL, 1972; SNODGRASS and HANNA, 1970; SNODGRASS, 
LOWREY, and HANNA, 1972; SANTISTEBAN, RILEY, and FITZMAURICE, 1972). It 
was this increase in spleen weight in mice inoculated with a saline suspension of 
liver and spleen from a wild house mouse which led POPE (1961) to suspect the 
presence of a virus he designated WID. This virus which was maintained by serial 
passage in mice was subsequently shown to have identical properties to LDV 
(POPE and ROWE, 1964). Antigenic identity between the two viruses could not be 
demonstrated because although antibodies are produced in infected mice, they 
only incompletely inactivate viral infectivity. The failure of antisera to neutralize 
the virus accounts for the permanent viraemia and is one of the most interesting 
features of infection with LDV. 

The altered response of mice infected with LDV to other infective agents, 
tumours and therapeutic procedures, causes the virus to be of importance to 
anyone working with experimental mice (ALLISON, 1963; RILEY, 1962b; EBERT, 
CmRIGOS, and CHAN, 1970; RILEY, 1974b and c; RILEY and SPECKMAN, 1974). 
It was the interfering ability of LDV contaminating preparations of Moloney 
leukaemia virus which led ROWE and his colleagues (ROWE, HARTLEY, and 
HUEBNER, 1962; ROWE, 1963) to recognise its presence. They were trying to 
develop a method of titrating Moloney leukaemia virus on the hypothesis that it 
might induce interference in suckling mice against a lethal virus susceptible to 
interference. Vesicular stomatitis virus was chosen and filtrates of Moloney leu
kaemia were found to have a very marked interfering ability against this virus. Thus, 
it at first appeared that they had found a method of titrating Moloney leukaemia 
virus but further investigation showed that it was not the Moloney virus in
ducing the interference but a new virus which proved to be identical with LDV. 

The induction of tumours by chemical carcinogens or X-rays has not been 
shown to be consistently affected by the presence of LDV but the development of 
mammary tumours in mice appears to be delayed in LDV-infected animals (RILEY, 
1966a). An interesting example of the way in which the accidental presence of LDV 
can affect an experiment is to be seen in the testing of arginase as a therapeutic 
agent in mouse leukaemia. The transplantable leukaemic cells used were contami
nated with the LDV which, because it blocked the clearance of arginase from the 
plasma, markedly potentiated the action of the enzyme and gave a false impression 
of the potency of the enzyme in uninfected animals (RILEY, 1968a, 1970). 

The LDV-infected mouse has a permanent viraemia and impaired function of 
the reticuloendothelial system, which results in grossly abnormal plasma enzyme 
levels. The mouse produces antibodies to the virus which fail to inactivate it, 
yet the animal remains in perfect health. One might have expected such a unique 
infection to have attracted a large group of workers from many disciplines, but in 
fact comparatively little interest has been taken in LDV. This is probably because 
the virus has not proved readily amenable to quantitative study in vitro. An 
additional reason could be that the infection is confined to the mouse as a species, 
and no obvious counterpart has so far been described in humans. However, a 
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number of important clinical diseases are probably related to inapparent ('slow') 
virus infections (PORTER, 1971; LEADER and HURVITZ, 1972) and further study 
of the interaction of LDV with its host could provide valuable information on the 
ecology of inapparent infections in general. There have been six previous reviews: 
GEORGTI (1964); NOTKINS (1965a); RILEY (1966b); BENDINELLI (1967); RILEY 
(1968b); RILEY (1974a). 

II. Classification and Nomenclature 

RILEY and his colleagues (RILEY, LILLY, HUERTa, and BARDELL, 1960) found 
that mice injected with plasma from mice bearing certain transplantable tumours 
developed a ten-fold or greater rise in plasma LDH activity within 3 days and 
that this alteration in plasma enzyme level could be serially transmitted from one 
mouse to another by some agent in the plasma. They thus demonstrated that they 
were dealing with an infective agent. They also showed that the agent was small 
enough to pass through a bacteria-proof filter. Later filtration experiments 
(ROWSON, MARy, and SALAMAN, 1963) showed that the diameter of the infective 
particle was approximately 45 nm. It was therefore a virus. 

Table 1. Synonym8 /01' Lactic Dehydrogenase Viru8 

Name used 

Enzyme elevating factor 

Lactate dehydrogenase virus 

Lactic dehydrogenase agent 

Lactic dehydrogenase. augmenting 
agent 

Lactic dehydrogenase elevating virus 

Lactic dehydrogenase factor 

Lactic dehydrogenase virus 

Plasma lactic dehydrogenase. 
elevating virus 

Riley agent 

Riley virus 

Riley's enzyme elevating virus 

Riley's lactic dehydrogenase virus 

Riley's plasma enzyme elevating virus 

Refereuce 

RILEY, LILLY, HUERTO and BARDELL (1960) 

CRISPENS (1966a) 

BAILEY, STEARMAN and CLOUGH (1963) 

YAFFE (1962a) 

ROWSON, ADAMS and SALAMAN (1961) 

NOTKINS, BERRY, MOLONEY and 
GREENFIELD (1962) 

NOTKINS (1965a) 

PLAGEMANN, WATANABE and SWIM (1962) 

ADAMS, ROWSON and SALAMAN (1961) 

ADAJVIS, ROWSON and SALAMAN (1961) 

ROWSON, ADAMS and SALAMAN (1962) 

WILNER (1969) 

MAHY (1964) 

Various names have been used by different authors for this virus (see Table 1) 
but the one in most common use is lactic dehydrogenase virus and this name will 
be used in the present review. The name can be criticized on the grounds that 
other enzymes besides LDH also show increased levels of activity in mice infected 
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with the virus and that lactic dehydrogenase should nOW be called lactate dehydro
genase (E.C.1.1.1.27). However, MELNICK (1971), WILNER (1969) and ANDREWES 
and PEREffiA (1972) in their classifications of animal viruses use the name lactic 
dehydrogenase virus. The International Committee On Nomenclature of Viruses in 
their first report (WILDY, 1971) suggest the use of a hierarchical system of classi
fication with latinized binomial nomenclature, but such a system is widely 
regarded as unsatisfactory for bacteria and viruses (GIBBS, HARRISON, WATSON, 
and WILDY, 1966). In any case, nO doubt because of lack of data On the structure 
of LDV and its nucleic acid, the International Committee in their report did not 
assign LDV to One of the 43 groups of viruses which they defined. 

Several authors have drawn attention to similarities between LDV and other 
viruses. CRISPENS (1965a) and TENNANT (1966) independently noted similarities 
between LDV and three other mouse viruses: pneumonia virus of mice, mouse 
hepatitis virus and lymphocytic choriomeningitis virus. These four viruses are of 
medium size, ether sensitive, heat labile, contain RNA, produce no cytopathic 
effect in tissue cultures, and with the exception of the pneumonia virus do not 
agglutinate erythrocytes. However, more recent work suggests that pneumonia 
virus of mice is a metamyxovirus (MELNICK, 1971) and that mouse hepatitis and 
lymphocytic choriomeningitis viruses are more closely related to other viruses than 
to LDV. Mouse hepatitis virus has nOW been placed with avian infectious bronchitis 
virus and certain human respiratory viruses in the coronavirus group (ALMEIDA 
et al., 1968) and lymphocytic choriomeningitis virus has been shown to be very 
similar in structure and to share antigens with the Tacaribe subgroup of arbo
viruses. For these arboviruses the name arenovirus has been proposed (ROWE et al., 
1970). 

Electron microscopy of thin sections of LDV preparations has revealed elliptical 
or oblong particles 36 to 42 nm wide and 45 to 75 nm long (DE THE and NOTKINS, 
1965). If, in fact, the virus is oblong it would be unique among the viruses of 
vertebrates so far studied (FENNER, 1968). Bee chronic paralysis is an oblong RNA 
virus but GIBBS (1969) found that LDV was larger, had particles of only One size, 
had a larger sedimentation coefficient and was disrupted by treatment with ether. 
It thus seems unlikely that LDV is related to bee chronic paralysis virus. LDV 
appears to be most closely related to rubella virus and the arboviruses of groups A 
and B. All these viruses are of the same size and shape and possess a lipid-contain
ing envelope. The name togavirus has been proposed for the group (MELNICK, 1971; 
ANDREWES et al., 1970). The fine structure of one member, Sindbis virus, has been 
investigated after removal of the outer envelope with sodium deoxycholate (HORZI
NEK and MUSSGAY, 1969). The viral nucleocapsid was 35 nm in diameter and 
composed of 32 capsomeres. However, published electron micrographs of LDV 
(see p. 14) are not sufficiently good to reveal detailed fine structure and until more 
data is available the possible relationship of LDV to the togavirus group must 
remain in doubt (HORZINEK, 1973). Recently, ALMEIDA and MIMs (1974) using 
immune electron microscopy have obtained pictures of LDV particles showing 
distinct morphological differences between LDV and togaviruses of group B. The 
particles in their pictures have a bottle-shaped morphology and they propose that 
the descriptive name "lagenavirus" be applied to LDV and any other viruses found 
to have a similar morphology. 
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III. Isolation, Purification, and Titration 

The LDV replicates rapidly on injection into mice and causes a sudden and 
permanent rise in the plasma LDH activity. Figure 4 shows the infective virus 
titre and level of LDH activity in the blood of mice following the injection of LDV. 
The titre commences to rise six hours after infection and reaches a peak level after 

Fig. 4. Plasma lactic dehydrogenase activity and titre of LDV in the plasma of mice following injection of LDV. 
(From NOTKINS and SHOCHAT, 1963) 

twenty-four hours. The LDH activity does not rise until 18 hours after infection 
and reaches a maximum level after 3-4 days. Both the virus titre and LDH 
activity in the plasma fall slowly from their peak values over the course of a week 
or more to reach stable levels where they remain remarkably constant for months, 
the LDH activity some 5 to 10 times the normal and the virus titre 104 1D5o per 
ml of plasma. Figure 5 shows the change in plasma LDH activity following the 
injection of different doses of virus. The LDH level rises more rapidly in the mice 
receiving the larger dose of virus, but by 3 days after infection, the LDH activity 
is virtually the same regardless of the dose of virus injected. Mice which do not 
show the characteristic rise in plasma LDH activity three days after injection of 
test material may safely be assumed not to have been infected as their plasma 
LDH level will not subsequently rise and they remain normally susceptible to 
infection with the virus. The fact that the plasma enzyme response is independent 
of the infecting dose of virus is not surprising in view of the rapidity with which 
virus replication occurs after infection. 

The rise in plasma enzyme activity is for practical purposes the only way of 
detecting infection with LDV as infected mice remain in perfect health. The only 
pathological changes which have been noted are a very minor enlargement of the 
spleen (see p. 91) and impairment of function of the reticuloendothelial system 
(see p. 72). 

LDV is readily isolated by the injection of infected material into mice of any 
strain. No difference in strain susceptibility has been reported but SJL/J mice 
show a greater rise in plasma LDH level than other strains (CRISPENS, 1971). This 
appears to be due to the level of activity of the reticuloendothelial system and is a 
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Fig. 5. Plasma lactic dehydxogenase activity in mice following the injection of different doses of LDV. 
Each point is the mean level in a group of 5 mice. Each mouse received 0.1 ml intraperitoneally of the indicated 
dilutions of mouse plasma from an infected mouse. (From PLAGEMANN, GREGORY, SWIM, and CHAN, 1963) 

Table 2. Mouse Strain8 in which Lactic DehydrogenaBe Virus haB been Found to Replicate 

Mouse strain 

A 

AKR 

BALBjc 

BR6 

C57jBl 

CAF-1 

CBA 

CDF1 

CFW 

C3H 

DBAj2 

LCSjFg 

NMRI 

QIMR 

SIMjMcK 

SJLjJ 

Swiss ICR 

SWRjJ 

Stock albino strain 
(Schofield) 

Reference 

MUNDY and WILLIAMS (1961) 

ADAMS, ROWSON and SALAMAN (1961) 

BAILEY, STEARMAN and CLOUGH (1963) 

MUNDY and WILLIAMS (1961) 

YAFFE (1962) 

NOTKINS and GREENFIELD (1962) 

ADAMS, ROWSON and SALAMAN (1961) 

Du Buy and JOHNSON (1965) 

PLAGEMANN, WATANABE and SWIM (1962) 

CRISPENS (1963a) 

NOTKINS, BERRY, MOLONEY and GREENFIELD (1962) 

CRISPENS (1966b) 

GEORGII, LENZ and ZOBEL (1964) 

POPE and ROWE (1964) 

STEERES, MmAND, THOMSON and AVILA (1969) 

CRISPENS (1971) 

RILEY, LILLY, HUERTO and BARDELL (1960) 

OLDSTONE and DIXON (1971) 

ADAMS, ROWSON and SALAMAN (1961) 
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recessive trait under the control of a single gene at an autosomal locus (CRISPENS, 
1972). Table 2 gives a list of the various strains which have been used and reported 
in the literature. Mice are susceptible to infection by parenteral injection of 
infected material by any route. Two characteristics of LDV are sufficiently unique 
to be considered definitive for identification: 

(i) a 5- to 10-fold elevation of plasma LDH activity occurring 3 days after 
infection and persisting indefinitely. 

(ii) a high virus titre in the plasma (more than 108 IDso per ml) 24 hours after 
infection with persistence of the viraemia at a lower level (104IDso per ml) for 
the remainder of the animal's life. 

The only other infectious agent which can cause a comparable alteration in 
plasma LDH activity without causing severe illness or death is Eperythrozoon 
coccoides, a murine pathogen frequently found in association with transplantable 
tumours (ARISON, CASSARO, and SHONK, 1963). The increase in plasma LDH 
activity caused by Eperythrozoon coccoides is usually less than that produced by 
LDV infection, but depends on the severity of the eperythrozoon infection. In 
splenectomized or tumour bearing animals, the parasitaemia is greater and more 
prolonged and the rise in plasma LDH activity higher that in intact mice. How
ever, the LDH level always returns to normal, usually within 10 to 14 days (RILEY, 
LOVELESS, and FITZMAURICE, 1964). LDV and Eperythrozoon coccoides have a 
synergistic effect on the plasma LDH level in doubly infected mice. The para
sitaemia and splenomegaly are also more severe in LDV infected animals (RILEY, 
1964; STANSLY and NEILSON, 1965). The spleen appears to playa major role 
in limiting infection with Eperythrozoon coccoides and probably the impaired 
function of the reticuloendothelial system in LDV infected mice accounts for the 
more prolonged parasitaemia. 

In any case of doubt as to the agent causing a rise in plasma LDH activity, 
the presence of Eperythrozoon coccoides should be excluded. Test material is 
injected into splenectomized mice and stained blood films examined by light 
microscopy 2, 4, 6, 8 and 10 days later for the bodies characteristic of Eperythrozoon 
coccoides. Alternatively, mice can be injected with 0.5 mg of oxophenarsine 
hydrochloride at the same time as the test material. Oxophenarsine hydrochloride 
has no effect on LDV infection and does not prevent the rise in plasma LDH 
activity but it prevents infection with Eperythrozoon coccoides and growth of the 
organism in animals already infected (ARISON, CASSARO, and SHONK, 1963; RILEY, 
LOVELESS, and FITZMAURICE, 1964). 

It might reasonably be expected that any virus infection causing tissue damage 
would result in an elevated level of plasma enzyme activity (RILEY, HUERTO, 
BARDELL, FITZMAURICE, and LOVELESS, 1963). However, in a study of the plasma 
enzyme levels in mice infected with vaccinia virus, influenza virus A (strain PR8), 
lymphocytic choriomeningitis virus (LCM) and encephalomyocarditis virus (EMC), 
no changes were observed except with EMC virus (MARY, ROWSON, SALAMAN, and 
PARR, 1964). When injected intramuscularly or intraperitoneally, EMC virus 
caused gross damage to muscular tissue and a rise in LDH activity in the plasma 
comparable to that produced by LDV, but EMC virus causes a rapidly lethal 
disease and so the two infections are not likely to be confused. Injected intra
cerebrally, EMC virus, like LCM virus, causes little change in plasma enzyme levels. 
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This suggests that cerebral damage releases little enzyme activity into the circula
tion. In addition to the increase in plasma LDH activity in EMC virus infected 
mice, there is an increase in plasma aldolase and aspartate transaminase activities, 
which are normal in LDV infected mice (Fig. 6). 
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Fig. 6. Changes in plasma aldolase (ALD), aspartate transaminase (AST), lactic dehydrogenase (LDH) and phospho
glucose isomerase (PGI) activities in mice up to 72 hours after intraperitoneal injection with either LDV or ence

phalomyocarditis (EMC) virus. (From MARY, ROWSON, SALA>IAN, and PARR, 1964) 

The failure of influenza A virus infection to cause a rise in plasma LDH activity 
is surprising as this virus causes an increased level of LDH activity in the chorio
allantoic fluid of infected eggs (KELLY and GREIFF, 1961). Possibly the proportion 
of cells killed in the influenza virus-infected mouse is much less than in the infected 
egg, but a mOre likely explanation is that enzymes released from damaged cells 
accumulate in the egg, whereas in the mouse, most of the damaged cell contents are 
released into the respiratory passages and are not absorbed into the circulation. 

Ectromelia virus causes a raised plasma LDH level associated with damage to the 
liver and cardiac muscle (GEORGll, 1964). Newcastle disease virus has been reported 
to cause a raised plasma LDH level twelve days after infection (WENNER, MILLI.AN, 
MIRAND, and GRAOE, 1962). However, many virus preparations are contaminated 
with LDV and the authors of this report do not give the source of the Newcastle 
disease virus or any details which would indicate whether the rise in plasma LDH 
activity was due to Newcastle disease or a mixed infection. 

The mouse leukaemia viruses are frequently found to be contaminated with 
LDV but this is not because these viruses have any biological interdependence. 
It results from the fact that many leukaemia viruses are maintained by frequent 
animal passage and several of them were isolated from mice bearing tumours 
which were already infected withLDV. When free of LDV, the mouse leukaemia 
viruses and polyoma virus have no effect on plasma LDH activity before the 
neoplastic process is well advanced (MARY, ROWSON, SALAMAN, and PARR, 1964). 
Other viruses such as LCM virus (GLEDHILL and ROWSON, 1965), scrapie virus 
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(ADAMS and FIELD, 1967) and mouse hepatitis virus (NOTKINS, BERRY, MOLONEY, 
and GREENFIELD, 1962) have been found to be mixed with LDV. Eperythrozoon 
coccoides has also been found contaminated with LDV (RILEY, LOVELESS, and 
FITzMAURICE, 1964). 

The separation of LDV from other viruses is relatively easy by end-point dilu
tion. Few if any viruses will produce a level of viraemia 24 hours after infection 
comparable with that in LDV infected mice. If the plasma of mice 24 hours after 
infection is serially diluted to 10-11 and the higher dilutions injected into pathogen
free mice, a pure LDV infection will be obtained in most cases. Alternatively, LDV 
can be freed from larger viruses by filtration through a filter of average pore dia
meter 80nm. 

The purification and concentration of LDV by centrifugation is possible provid
ing this is done at low temperature (NOTKINS and SROCAT, 1963). Du Buy and 
JOHNSON (1965) diluted their crude virus preparation with an equal volume of 
0.3 M potassium citrate and 0.003 per cent hyaluronidase and digested at room 
temperature for one hour before differential centrifugation and resuspension of the 
virus pellet in one-tenth the original volume of distilled water. They further 
purified the virus by petroleum ether extraction which resulted in the loss of one 
to two logs of infectivity. 

A number of workers have been unable to deposit all the infectivity in LDV 
preparations by centrifugation and have postulated that two particles are present 
(ADAMS and BOWMAN, 1964; STARK and CRISPENS, 1965). There is no supporting 
evidence for the presence of two different types of virus particle but there is 
evidence that some of the virus is combined with antibodies which do not cause 
inactivation of infectivity and these particles may have somewhat different physical 
properties (see p. 78). 

The only method available for titrating LDV is to inoculate serial dilutions into 
groups of mice and to measure their plasma LDH activity after 3 days to determine 
which mice have been infected. The method is easy but requires a large amount of 
animal space and laboratory time. However, the work involved in the large number 
of LDH estimations can be reduced by two methods. Du Buy and J ORNSON (1965) 
pooled measured blood samples from the mice in a group and performed one LDH 
determination on the pooled plasma. From a Table constructed experimentally, 
they were able to estimate the number of infected mice in the group from the 
LDH activity of the pooled serum. This method proved satisfactory in their hands 
but is not aesthetically very satisfying. Another method described by ROWSON, 
MARy, andSALAMAN (1965) is to perform a qualitative colorimetric test on individual 
sera using a modification of the method originally described by KELLY and GREIFF 
(1961). The difference in plasma LDH activity between the normal and infected 
mice is so great that a single spot test performed in a depression plate will reliably 
indicate infection (Fig. 7). This method has the advantage of giving results on 
individual mice and is much less laborious than quantitative estimations. 

Other methods of virus titration such as haemagglutination and growth in 
tissue culture have been attempted. CRISPENS (1965a) found no agglutination of 
chicken, sheep, rabbit, guinea pig or human group 0 erythrocytes at 4° or 25° C 
by LDV. Most workers who have grown LDV in tissue cultures have been unable 
to observe any morphological alteration in the cells or increase in LDH activity 



14 Properties of the Virus 

in the medium (see p. 63). ]RANTSI and GREGORY (1969) have reported a cyto
pathogenic effect and an increase in LDH activity in the medium of LDV infected 
cells. The cytopathogenic effect was reproducible with difficulty and it would 
seem that, unless the method of obtaining sensitive cells can be improved, the test 
would not be suitable for titration of virus preparations. The haemagglutination 
negative plaque test described by CARVER, MARcus, and SETO (1967) in which 

Fig. 7. Photograph of haemagglutination tray used for qualitative plasma LDH tests in a titration of LDV. 
Each well contains the plasma from one mouse and six mice were used at each lO·fold dilution. The dark wells 

indicate low LDH activity and absence of LDV infection 

confluent haemadsorption to Newcastle disease virus-infected cells is specifically 
inhibited by a number of different viruses was reported to work as a plaque test 
for LDV (MARCUS and CARVER, 1967 and 1969). The test is satisfactory if mouse 
embryo tissue cultures can be obtained which will support the growth of Newcastle 
disease virus but cultures are very unreliable in this respect and CARVER (1969) 
has not found the test satisfactory for LDV. The reason why mouse embryo tissue 
cultures are so variable in their response to Newcastle disease virus may be that 
they contain interfering viruses. 

IV. Properties of the Virus 

A. Morphology 

The morphological appearance of a virus in the electron microscope is frequently 
one of the simplest. criteria to be established in classification, and serological rela
tionships will probably be found to exist only between viruses which are morpho-
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logically similar (ALMEIDA and WATERSON, 1969). Identification of viruses under 
the electron microscope usually relies on the observation of large populations of 
similar looking particles showing a characteristic fine structure (DE liARVEN, 1965), 
but despite the fact that high titres of infectious LDV can be detected in the plasma 
of infected mice 24 hours after infection (see p. 43), early attempts to demonstrate 
the agent by electron microscopy of the pellet deposited from plasma at 100,000 X g 
failed to reveal any particles which were not also present in a pellet from uninfected 
mouse plasma (ROWSON and HORNE, 1962). However, in 1963 BLADEN and N OTKINS 
published electron micrographs of plasma pellets, negativ~ly stained with phos
photungstic acid (PTA), showing essentially spheroidal partiol_t;ls 69nm X 76nm in 
diameter. These particles were not found in similarly prepared plasma pellets from 
either uninfected mice, or mice which had received ether-inactivated virus 24 hours 
earlier (BLADEN and NOTKINS, 1963). Plasma from mice infected with LDV for 
9 days contained less than one particle per electron microscope field, although the 
virus titre in the plasma at this time is around 107 ID50/ml plasma (NoTKINs, 
1965 a). One explanation for this might be that the particle to infectivity ratio is 
very low indeed, approaching that of bacterial viruses (LURIA, WILLIAMS, and 
BACKUS, 1951). Particle to infectivity ratios for most animal viruses are at least 
10 and may be as high as 107 (ISAACS, 1957). 

The particles thought to be LDV in these early electron micrographs showed 
little evidence of fine structure, although it was reported that in addition to the 
spheroidal particles some 'tailed' forms were present, similar to those observed 
with the mouse leukaemia viruses (DALTON, HAGUENAU, and MOLONEY, 1962; 
ZEIGEL and RAUSCHER, 1963). Since the tailed forms were rarely seen in plasma 
pellets which had been fixed in osmium tetroxide prior to negative staining (BLADEN 
and NOTKFNS, 1963), it was concluded that they were artifacts produced in the 
preparation and staining of the virus. 

In 1964, CRISPENS and BURNS reported a morphological study of LDV by thin
sectionin~ of plasma pellets derived from infected and uninfected mice. A pellet 
prepared from infected mice (infectivity titre, 1010 ID50/ml) was fixed in 1 per cent 
osmic acid with veronal buffer, pH 7.4, deh~rated and embedded in methacrylate. 
Thin sections cut from this material and stained in lead citrate revealed oval-shaped 
particles, 15 nm wide by 45 nm long; the latter measurement is identical to the 
diameter of LDV as calculated from Gradocol filtration studies (ROWSON, MARy, 
and SALAMAN, 1963). These oval particles were not present in plasma pellets 
prepared from uninfected mice or in a 100 nm average pore diameter Millipore 
filtrate of a human breast carcinoma. It was suggested (CRISPENS and BURNS, 1964) 
that the differences in particle shape and size between this and the previous study 
by BLADEN and N OTKINS (1963) resulted from the use of thin-sectioning as opposed 
to negative-staining techniques. 

DE THE and NOTKINS (1965) reached a similar conclusion. Osmium-fixed pellets 
prepared from viraemic plasma and examined in thin sectiori 'T~vealed oval or 
elliptical particles 36-42 nm wide and 45-75 nm long, as well as some rounded 
particles 40 nm in diameter which were thought to be cross sections of the elliptical 
ones (Fig. Sa). However, negatively-stained pellets of unfixed material contained 
larger and more pleomorphic particles, 60-65 nm in diameter by 70-S5 nm in 
length, including 'tailed' forms (DE THE and NOTKINS, 1965). It was ~oncluded 
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Fig. 8. Thin section of an osmium-fLxed pellet prepared from viraemic mouse plasma. 

a) Elliptical or oblong particles 36-42 nm wide and 45-75 nm long, and rounded particles averaging 40 nm in 
diameter are present. Magnification x 125,000 

b) Higher magnification showing nucleoids 26-29 nm in diameter surrounded by a thin envelope separated from 
the nucleoid by an electron lucent space 5 to 7 nm wide. Magnification x 310,000 (From DE THE and NOTKINS, 1965) 
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that the negative-staining technique used was introducing artifacts into the prepara
tion. Similar aberrant forms have been seen in preparations of murine leukaemia 
viruses, and these are probably caused by the transient hypertonicity which occurs 
during the desiccation of the viruses on the electron microscope grid, because of 
salts present in the suspension medium and in phosphotungstic acid solutions 
(LEVY, BOIRON, SILVESTRE, and BERNARD, 1965). 

Fig. 9. Thin sections of osmium-fLxed plasma pellets. 
a) Characteristic particles showing inner and outer rings 

b) and c) Selected areas each showing a single membrane bound particle. The lines represent 100 nm. (From 
Du Buy and JOHNSON, 1965) 

Results consistent with those of CRISPENS and BURNS (1964) and DE THE and 
NOTKINS (1965) were reported by RILEY (1968b). He observed closely-packed 
particles having a mean diameter of 35 to 40 nm in thin sections of viraemic plasma 
pellets. No such particles were found in any of 280 separate sections of a normal 
plasma pellet which were examined. 

Observations on the structure of LDV were made by DE HARVEN and FRIEND 
(1966), quite by chance during a study of the ultrastructure of Friend virus. Since 

Virol. Monogr. 13 2 
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Fig. 10. Section of a pellet of partially purified virus obtained from Ehrlich tumour ascites fluid. 
The LDV consists of a dense inner annulus of 25 nm diameter and a less distinct outer halo of 50 nm diameter 
(arrows). One or more of these particles may be bounded by an additional membrane (l\iB). The bar represents 

500 nm. (From Du Buy and JOHNSON, 1966) 
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Fig. 11. Section of lymph node cells, 24 hours after infection. 
Small uniform annular particles of 25 nm diameter (SP-l) are seen scattered among douhle membraned vesicles 
(DMV) and occasionally within single membraned dense particles (SP-2). The larger particles (LP) of 50 nm dia
meter with a halo are usually associated in varying numbers with irregular single membranes. Apparently normal 
mitochondria (M) and part of the nucleus (N) are identified. The bar represents 500 nm. (From Du Buy and 

JOHNSON,1966) 

2· 
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the stock of Friend virus which they used was contaminated with LDV, high-speed 
pellets obtained from filtered plasma of DBAj2 mice at 24 hours after virus inocula
tion contained large numbers of LDV particles. These were easily distinguishable 
because of their smaller size from the 100 nm diameter Friend leukaemia virus 
particles which appeared in the plasma at 3 to 4 days after inoculation. The particles 
assumed to be LDV measured approximately half the size of leukaemia virus parti
cles, and were of two different types. Most of the particles were oblong, 70 nm long 
by 35 nm wide, with an indistinct envelope and an electron-lucent core in the 
centre. The other particles appeared spherical, 57 nm in diameter, and with a 
small electron-dense doughnut-shaped core, 25 to 28 nm in diameter. In some cases, 
all the particles appeared spherical which would not support the idea that the 
spherical particles were cross-sections of the oblong ones. 

Spherical particles of similar morphology were observed by Du Buy and JOHN
SON (1965,1966) in virus preparations purified from ascites fluid obtained from mice 
bearing the Ehrlich ascites carcinoma (Fig. 9a). The typical particles consisted 
of a dense inner ring of about 25 nm diameter, and a less dense and sometimes 
indistinct outer ring extending to about 50 nm. Occasionally the particles were 
seen within single-membraned vesicles (Figs. 9 b, 9 c, 10). The presence of oblong or 
elliptical particles was not reported by Du Buy and JOHNSON (1965). 

The detailed fine structural features of the spherical particles were described by 
DE THE and NOTKINS (1965). These particles contain a nucleoid, 26 to 29 nm in 
diameter, consisting of a dense shell 7 to 9 nm wide with an electron lucent inner 
core. Surrounding the dense shell of the nucleoid is an outer layer, 5 to 7 nm wide, 
of lower density, limited by a thin outer membrane (Fig. 8b). DE THE and NOTKINS 
(1965) also examined the liver, kidney, spleen, lymph nodes, thymus, bone marrow, 
lung, mammary gland, and peritoneal macrophages from infected mice for the 
presence of similar particles. None was found except in a small percentage of the 
peritoneal macrophages, where they occurred in close association with the cell 
surface and with the membrane of and within cytoplasmic vacuoles. 

The presence of LDV particles in macrophages from infected mice was confirmed 
by Du Buy and JOHNSON (1966), who examined lymph nodes and spleens at 
various stages of infection up to 24 hours. The characteristic spherical particles, 
50 nm diameter and containing a nucleoid of 25 nm diameter, were found in large 
numbers in the cytoplasm of certain lymph nodes (never in the nuclei), and in 
germinal centre cells of the spleen (Figs. 11-14). In addition, they observed the 
nucleoid alone, as a 25 nm dense annulus; they concluded that this nucleoid was a 
developmental form of the mature LDV particle. It is interesting that no naked 
nucleoids were observed by DE THE and NOTKINS (1965) who however examined 
peritoneal macrophages rather than lymph node cells. A more detailed ultra
structural study of LDV in mouse lymphoid tissue was made by SNODGRASS and 
HANNA (1970) who observed the virus particles in close intercellular association 
with phagocytic reticular cells in splenic lymphoid nodules (Figs. 15-17). The 
particles consisted of a dark nucleoid, 25 nm in diameter, with an electron lucent 
core, and an outer electron lucent envelope measuring 45 to 50 nm in total dia
meter. The presence of oblong or elliptical particles was not reported, and no small 
naked nucleoids were detected even in the cytoplasm. Virus particles were frequently 
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Fig. 12. Section of lymph node cell, 24 hours after infection. 
Small and large particles can be seen, associated with single membraned vesicles. (M) mitochondria; (N) nucleus; 
(SP) small particles; (LP) large particles. The bar represents 500 nm. (From Du Buy and JOHNSON, 1966)> 
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Fig. 13. Section of lymph cell, 24 hours after infection. 
:Small particles and intravesicular aggregates (arrows) predominate. The bar represents 500 nm. (From Du Buy 

and JOHNSON, 1966) 
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Fig. 14. Lymph node cells 18 hours after infection. 
There are many small extra-vesicular particles (SP) and large intravesicular particles (LP). It is possible that the 
halo is derived from some of the vesicular material (VM). Just to the lower right of centre a pair of centrioles (e) 

is visible, (N) nucleus. The bar represents 500 nm. (From Du Buy and JOHNSON, 1966) 
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aligned intercellularly in uniform rows, and a few were contained in single mem
brane-bound intracellular vesicles (Fig. 15). 

With the development of a method for in vitro cultivation of LDV in mouse 
peritoneal macrophages (EVANS and SALAMAN, 1965), another source of virus 
became available for examination by electron microscopy (PROSSER and EVANs, 

Fig. 15. Sections of thymic-dependent area of splenic lymphoid nodule. 
LDV particles (arrows) with 25 nm diameter nucleoids and 45-50 nm diameter envelopes are localized inter

cellularly. Uranyl acetate and lead citrate. Magnification x 52,000. (From SNODGRASS aud HANNA, 1970) 

1967). Cells from several infected cultures were pooled, deposited by centrifuga
tion, and the pellets fixed in osmium tetroxide before thin sectioning. Four differ
ent types of particle were observed in the infected cells, but two types predominated 
(Figs. 18 and 19). These were large, round particles (type 1) with an average 
external diameter of 51 nm, containing a dense nucleoid having an average dia
meter of 31 nm, and small round or oval particles (type 3), of similar appearance 
to the nucleoid of the large particle, with an average external diameter of 33 nm 
(Figs. 18 and 19). These two types of particle observed by PROSSER and EVANS 

correspond closely with those seen in macrophages from infected mice by Du Buy 
and JOHNSON (1966). In addition to these two predominant particles, large elongat
ed (type 2) and small rod-shaped (type 4) forms were seen less frequently (PROSSER 
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and EVANS, 1967). The particles were usually enclosed, often in neat bundles, by 
a single membrane which was continuous with the endoplasmic reticulum. The 
bundles usually contained particles either of types 1 and 2 or of types 3 and 4. 
However, all four types of particle were occasionally seen in the same cell. The 
distribution of particles amongst the cells studied was of particular interest; most 
cells contained no virus particles, and cells in which virus was seen usually con
tained large numbers of particles and often showed cytopathic changes. 

Fig. 16. Section of thymic·dependent area of splenic lymphoid nodule. 
LDV particles (arrows) are apparently replicating from a phagocyte reticular cell (R ) and migrat ing intercellularly 
between the processes of a dark reticular cell. Only one virus particle is seen between the dark reticular processes 
and the nonphagocytic cell (N) at bottom of field. Uranyl acetate and lead citrate. Magnification x 30,000. (From 

SNODGRASS and HANNA, 1970) 

PROSSER and EVANS (1967) also examined pellets obtained from viraemic 
plasma, and found particles of similar dimensions and morphology to all four 
types seen in macrophage cultures. Elliptical forms, similar to those observed by 
previous workers (CRISPENS and BURNS, 1964 ; DE THE and NOTKINs, 1965; DE 
HARVEN and FRIEND, 1964) were frequently seen. These particles varied from 
45 to 75 nm in length by 18 to 37 nm in width. Pellets prepared from the medium 
of infected macrophage cultures contained very few particles, presumably because 
of a much lower concentration of LDV than in plasma, but where seen the particles 
were of the same type as in plasma pellets . No similar particles were ever observed 
in control cultures, medium, or plasma (PROSSER and EVANS, 1967). Recently, 
DARNELL and PLAGEMANN (personal communication, 1974) have examined thin 
sections of plasma pellets from mice infected with LDV for 24 hours (Fig. 19a). 
They also found roughly spherical and elliptical particles, 40 to 50 nm in width 
by up to 70 nm in length. The particles, which were not found in uninfected 
mouse plasma, were characterized by an electron-dense nucleoid of 25 to 30 nm 
diameter and an outer double membrane (Fig. 19a) . Of the four types of particle 
seen by them, PROSSER and EVANS favoured the large spherical particle (type 1), 
51 nm in diameter, as being the mature, infective virion of LDV. This would 
be compatible with most size estimations by other criteria such as Gradocol 
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membrane filtration (ROWSON et al., 1963) or centrifugation data (RILEY, 1968b). 
Also, a spherical particle of this size has been observed in the majority of 
electron microscopic investigations of LDV carried out so far (Table 3). A 
small spherical particle, observed by some workers, presumably represents 
the naked nucleoid of the mature virion. The role of the elliptical particles is 
not clear at present, but they might represent another virus associated with 

Fig. 17. Section of marginal zone of spleen. 
Four virus particles can be seen cut at various levels. One at the right appears to be budding. The particles lie 
intercellularly and have filamentous attachments with the plasmalemma of a phagocytic reticular cell. The plasma
lemma beneath the particles appears altered. Magnification x 210,000. (From SNODGRASS, LOWREY, and HANNA, 

1972) 

the LDV preparation. This could explain why they have only been seen by some 
investigators, as the preparations of LDV used by different workers clearly vary 
considerably in origin. Now that LDV can be cultivated in a number of different 
in vitm systems, it should be possible to make more accurate quantitative studies 
of the type of particle associated with LDV infectivity. 

ALMEIDA and MrMS (1974) have applied the technique of immuno-electron 
microscopy (ALMEIDA and WATERSON, 1969) to the study of LDV. Using this 
technique on mouse plasma obtained from mice 18-24 hours after infection, 
they obtained pictures of large aggregates of virus-like particles (Fig. 20). The 
particles were bottle-shaped, each consisting of an elongated body and a less dense 
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Fig. 18. Thin sections of peritoneal macrophage infected with LDV in vitro. 
a) A bundle of large round particles, type 1 (LP). Rod-shaped, type 4 and sma)) particles type 3 (SP) enveloped 
clo.ely by a membrane. A group of particles (indicated by arrow) is embedded in a dense amorphous substance 

b) Photographic enlargement of large particles, type 1 
c) Photographic enlargement of sma)) and rod-shaped" particles closely enveloped by a membrane. The lines 

represent 100 nm. (From PROSSER and EVANS, 1967) 
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neck, with overall dimensions of 80-110 nm by 37-44 nm. The dense and more 
uniform body was 65-73 nm by 37-44 nm. The neck could be as narrow as 
14.5 nm but ranged in size up to the full width of the body of the particle, and 
in some instances was even wider. Since the virus could only be found in reasonable 
amounts after the addition of antiserum, it was difficult to obtain good resolution 
on the surface of the particle. However, from the distribution of the antibody it 

• 

Fig. 19. Electron micrograph showing small rod·shaped particles type 4 in thin section of a pellet of partially 
purified virus preparation from plasma of J,DV infected mice. (From PROSSER and EVANS. 1967). Magnifica tion 

x 112.500 

appeared that the particles might have a small surrounding fringe of projections. 
The bottle-shaped particles were only found in fresh plasma. In plasma held at 
4 ° C for 24 hours or stored for one week at -20°C the complexes consisted almost 
entirely of pleomorphic but basically spherical particles approximately 60 by 
90 nm. The bottle-shaped morphology of LDV particles can be interpreted as a 
virus body 40 by 70 nm with a neck formed by the surrounding membrane that 
could have been gained as the virus budded through the cell membrane. This 
morphology of a virus particle with a membrane extending from it at one end is 
seen with vesicular stomatitis virus and Bittner virus particles. The morphology 
described by ALMEIDA and MIMS is in agreement with the appearances seen in thin 
sections (Figs. 8 and 9) , whereas in some of the earlier negatively stained prepara
tions pleomorphic particles considerably larger than would be compatible with the 
dimensions of the particles seen in sections were described. The importance of 
using freshly harvested virus for studies of LDV morphology must not be forgotten. 
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Fig. 19 a. Plasma obtained from mice infected for 24 hours with J.DV, concentrated 30-fold by centrifugation 
(39,000 r. p. m. for 2.5 hours), repelleted, embedded, sectioned and stained with uranyl acetate. Photograph 

kindly supplied by Dr. P. G. W. PLAGEMANN 
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Table 3. Reported Sizes of Particles Associated 

Plasma pellets 
Plasma pellets 

Source 

Plasma pellets and peritoneal macrophages 
Plasma pellets 
Plasma pellets 
Lymph Nodes 
Peritoneal macrophages 

Plasma pellets 
Plasma pellets 
Spleen 
Plasma antibody aggregates 

Large spherical 

overall core 

70 

40 26-29 
57 25-28 

50 25 
50 25 
51 31 
44 31 
40 

45-50 
After storage 

60x 90 

Fig. 20. A negatively stained clump of virus particles. 

Small 
spherical 

25 

33 
33 

25 

II) 

The virus and antibody were mixed and allowed to react overnight at 40 C. The virus antibody clumps were depos
ited by centrifugation at 15,000 r.p.m. for 1 hour, the deposit washed and negatively stained with 3 per cent 
phosphotungstic acid (pH 6) after resuspending in dist,illed water. Photograph kindly supplied by Dr. J. D. ALMEIDA 
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with Lactic Dehydrogena8e Viru8 Infection (nm) 

Elliptical 

15x 45 

36-42 X 45-75 

35X 70 

20--38 X 64-124 

18-37 X 45-75 

Fresh virus 
80-110 X 37-44 overall 

65-73 X 37-44 dense body 

Other 

'Tailed' forms 

Authors 

BLADEN and NOTKINS, 1963 

CRISPENS and BURNS, 1964 
DE THE and NOTKINS, 1965 

DE HAVEN and FRIEND, 1966 

Du Buy and JOHNSON, 1965 
Du Buy and JOHNSON, 1966 

Large elongated forms PROSSER and EVANS, 1967 

"Bottle shaped" 
particles 

PROSSER and EVANS, 1967 

RILEY, 1968b 
SNODGRASS and HANNA, 1970 

ALMEIDA and MIMS, 1974 

B. Physico-Chemical Structure 

The diameter of the LDV virion has been determined by Gradocol membrane 
filtration and found to be 45 to 55 nm (NOTKINS and SHOCHAT, 1963; ROWSON, 
MARY, and SALAMAN, 1963; Du Buy and JOHNSON, 1965). The estimate of 45 nm 
(ROWSON, MARy, and SALAMAN, 1963) was based on the finding that viral infectivity 
just passed a membrane of average pore diameter 74 nm and was held back by a 
membrane of 67 nm. The earlier size estimations by RILEY (1963a), in which a size 
of 2 nm was concluded to be the diameter of the infectious particle have not been 
confirmed and appear to have been erroneous (ROWSON, MARy, and SALAMAN, 
1963; Du Buy and JOHNSON, 1965). Nevertheless, perhaps as a result of RILEY'S 
suggestion that the virus was in reality a 'minute infectious entity' (RILEY 1963a), 
several workers have investigated the possibility that preparations of LDV con
tain, in addition to the 45 nm particle, a smaller infectious particle of different 
physical properties. Thus, both CRISPENS (1964c) and ADAMS and BOWMAN (1964) 
found that ultracentrifugation of plasma obtained from mice which had been 
infected for 24 hours resulted in a reduction of supernatant infectious titre from 
1011 to 107 1D5o per ml, and suggested that the residual infectivity which did not 
sediment after 4 hours at 105,000 X g represented a 'small particle'. RILEY, 
CAMPBELL, LOVELESS, and FITZMAURICE (1964) and RILEY (1968b) reached a 
similar conclusion, based on the sedimentation properties of LDV in density 
gradients prepared using the density gradient trap method of POLSON and VAN 
REGENMORTEL (1961). As a reference virus, Rous sarcoma virus was employed. 
Under conditions of centrifugation (30,000 r.p.m. in a Spinco SW39L rotor for 
10 minutes) in which Rous sarcoma virus was completely sedimented beyond 
the 1 cm sampling point, a considerable level of LDV infectivity remained in the 
supernatant. After 30 minutes centrifugation, there was a decrease of titre from 
109 to 104ID50/ml, but longer periods of centrifugation up to 2 hours did not 



32 Properties of the Virus 

reduce this titre any further (Fig. 21). Since the gradient trap method is designed 
to prevent virus contamination of the supernatant by convection or stir-back 
(POLSON and VAN REGENMORTEL, 1961) RILEY concluded that the plateau of 
infectivity reached after 30 minutes was due to the presence of a particle of either 
low density or small size. The virus which did sediment within 30 minutes (,large 
particle') was calculated to have an S20, w value of 150 to 175, and a mean particle 

;f/oll-.setlli716'flt<'l/JIe comjJollel7l 

All cefl/f'liv,7<'1tIOIl.s <'II JOOOO RPM -58000,7 

00 10 ZO JO #0 .fO dO 10 &J'--§,;;';&c--A~<70;:--/'-:-:'10;:--!,c::!'60 
Time of cmif'llUpJtiofl (mli7) 

Fig. 21. Diagram showing the LDV titre in the supernatant after centrifugation of an LDV preparation and 
recentrifugation of the supernatant. (From RILEY, 1968b) 

diameter of 35 to 40 nm. These data are not in themselves very convincing, since 
the recorded reduction in titre following centrifugation shows that 99.99 per cent 
of the viral infectivity is sedimentable, and as NOTKINS (1965a) has pointed out, 
the residual 'non-sedimentable' infectivity may represent part of a normal distribu
tion curve, or a procedural artifact. But two other pieces of evidence have been 
produced in support of the two particle hypothesis. ADAMS and BOW1VIAN (1964) 
found that the proportion of viral infectivity that was non-sedimentable was 
higher at 14 days than at 1 day after infection, and also reported that viral 
infectivity from plasma taken at these two time points eluted differently from 
columns of DEAE-cellulose. CRISPENS (1964c) reported that the sedimentable, but 
not the non-sedimentable virus, was inactivated by heating to 50° C in 1 M MgCb, 
and using this difference as an assay for small and large particles he also reached 
the conclusion that the proportion of non-sedimentable particles increased during 
infection (STARK and CRISPENS, 1965). By 7 weeks, all the viral infectivity resisted 
heating to 50° C in MgCb, and was assumed to be due to small particles (Fig. 22). 

Although these results strongly suggest that there are two groups of infectious 
LDV particles which differ in certain physical properties, the conclusion that they 
represent small and large particles is probably incorrect. Not only has it not been 
possible to demonstrate the presence of particles smaller than 45 nm by careful 
Gradocol filtration studies (ROWSON, MARY, and SALAMAN, 1963; NOTKINS and 
SHOCHAT, 1963; Du Buy and JOHNSON, 1965), but neither has any difference 
in size been demonstrable by filtration between virus prepared at 1 and at 72 days 
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after infection (ROWSON, unpublished observations-Table 4). The radiation 
target size of the nucleic acid core of LDV has also been determined: there was no 
evidence of any variation in size of the nucleic acid core, and the kinetics of inacti
vation of 1 and 72 day virus were the same (Fig. 23) (ROWSON, PARR, and ALPER, 
1968a and b). A more likely explanation for the alteration in properties of LDV 
during the course of infection is a change in the surface properties of the particle 
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Fig. 22. Plasma LDV titre in mice following the injection of LDV. 
Titre measured directly and after heating in the presence of 2 M magnesinm chloride. The proportion of heat labile 

virns falls after prolonged infection. (From STARK and CRISPENS, 1965) 

brought about by the presence of a blocking antibody on the surface of the virus 
from chronically infected mice (NOTKINS, M:A1IAR, SCHEELE, and GOFFMAN, 1966), 
or the enclosure of the virion within a single or double membraned lipid-containing 
vesicle (Du Buy and JOHNSON, 1965). A surface change brought about by either 
method would provide an explanation for the increase in resistance to neutralization 
by LDV antiserum shown by virus occurring in plasma late in infection (see p. 78). 

Table 4. Infectivity before and after Filtration of LDV Prepared from Mice Infected for 
lor 100 Days 

1 day virns 100 day virns 

Average pore diameter of Gradocol membrane Virus titre (logl.) Virus titre (log,.) 

before I after before I after 

87nm I 4.0 <1 3.0 <1 

220nm I 2.5 2.5 5.0 4.0 

In summary, whilst there is some evidence that LDV particles of differing surface 
properties occur in mouse plasma during infection, there is no conclusive evidence 
for the existence of infectious particles of widely differing size. 

Studies on the behaviour of infectious LDV on density gradients have been 
carried out by four groups of workers. MARy (1963) subjected mouse plasma 
preparations containing LDV to centrifugation in a 2 M caesium chloride solution 

Virol. Monogr. 13 3 
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at 36,000r.p.m. (130,000 g) for 24 hours in the SW39L Spincorotor. Virus infectiv
ity was recovered in a broad band at densities of 1.168 to 1.180 under these condi
tions. RILEY (1968b) reported experiments in which LDV was centrifuged on a 0 
to 70 per cent sucrose gradient at 136,000 xg for 1, 16,40 and 85 hours. It was 
concluded from these experiments that the bulk of the virus sedimented at a 
density of 1.168. NOTKINS and his colleagues (NOTKINS, 1971a; NIWA, YAMA
ZAKI, BADER, and NOTKINS, 1973) grew radioactively-labelled LDV in mouse 
embryo cultures treated with 3H uridine, and centrifuged the 300-fold concen
trated culture supernatants on a 10-60 per cent linear sucrose gradient for 20 hours 
at 100,000 X g. He also obtained a peak of infectivity at 1.17 g/ml and this coincided 
with the peak radioactivity. Cultures labelled with 3H thymidine did not give 
such a radioactive peak in the infectivity band. 

DARNELL and PLAGEMANN (1972) isolated LDV labelled with 3H uridine from 
mouse peritoneal macrophage culture fluid by isopycnic centrifugation in linear 
sucrose density gradients (0.5 to 1.5 M sucrose). The density of the virus was 
estimated to be 1.12 g/ml from the coincidence of infectivity and radioactivity at 
this position in the gradient after centrifugation for 14 hours. The experiment was 
controlled by similar studies on the L-cell-associated oncornavirus which had a 
density of 1.16 g/ml; Newcastle disease virus (1.19 g/ml); ve3icular stomatitis virus 
(1.19 g/ml) and Sindbis virus (1.18 g/ml). The reason for the lower density of LDV 
in these experiments compared to previous reports was attributed by DARNELL 
and PLAGEMANN (1972) to a relatively greater lipid content in their virus, perhaps 
the result of a more gentle isolation procedure than that used by other workers, 
since in some circumstances (with 0.5 per cent pancreatic autolysate in the culture 
~edium) infectious LDV of density 1.16 g/ml was recovered. However, when they 
examined a preparation of LDV obtained from Notkins' laboratory, this virus 
also sedimented at a density of 1.12 g/ml (DARNELL, personal communication). 
Further studies of the physical properties of LDV seem warranted. 

The nucleic acid component of LDV is ribonucleic acid (RNA). This was first 
demonstrated by NOTKINS and SCHEELE (1963a) who used plasma from mice 
infected for 24 hours which had an infectious titre of 1010.5 ID50/ml on titration 
using intracerebral or intramuscular injection into test mice. The extract was 
inactivated in 20 minutes at room temperature by pancreatic ribonuclease (10 !Jog/ 
ml) but not by deoxyribonuclease (300 !Jog/ml). Subsequently, it was reported that 
infectious ribonucleic acid could also be obtained from LDV by extraction with 
butanol, chloroform, or ether (NOTKINS, 1964a and b, 1965c). The results with 
ether were particularly surprising since it had already been reported that the 
infectivity of intact LDV was lost following treatment with ether (N OTKINS and 
SHOCHAT, 1963). This suggested that the effect of ether treatment of the whole 
virus might be to alter the structure of the viral envelope in such a way as to 
prevent entry into the host cell, in this case it should still be possible to extract an 
infectious nucleic acid from ether-inactivated virus by the GIERER and SCHRAMM 
(1956) method. However, all attempts in this direction were unsuccessful (NOTKINS, 
1964a) and as an alternative explanation for the ether sensitivity it was postulated 
that damage to the viral envelope by ether might expose the viral nucleic acid to 
nucleases -present in the medium. NOTKINS (1964a) showed that LDV was inacti
vated by ether in the presence of plasma, but that, if the virus was first separated 
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from plasma and suspended in ribonuclease-free medium, infectivity was partly 
resistant to ether treatment. The presence of tissue nucleases may also explain the 
earlier failure of the Munich group to extract an infectious nucleic acid from LDV
infected mouse tissues (BRDICZKA, GEORGII, and ZOBL, 1963). Another factor to be 
considered is the presence of heparin which NOTKINS and COSMIDES (1964) have 
shown to inactivate the viral nucleic acid. 

The preparation of infectious ribonucleic acid from LDV is interesting since 
it has generally proved difficult, if not impossible, to obtain an infectious nucleic 
acid from other ether-sensitive RNA viruses such as the influenza, parainfluenza, 
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Fig. 23. Kinetics of inactivation of LDY. 
Survival of virus from mice 24 hours (0) and 72 days (e) after infection. Points from 8 experiments using 24 hour 
virus and 2 experiments using 72 day virus. The solid and broken lines have been drawn to give the best fit (method 
of least squares) to the data for the 24 hour and 72 day virus, respectively. There is no significant difference in 

the survival curve parameters. (From ROWSON, PARR, and ALPER, 1968) 

rhabdovirus and RNA tumour virus groups (SCHAFFER, 1962). Only from the ether
sensitive arboviruses, both groups A and B, can infectious RNA be readily 
obtained (CHENG, 1958; ANDERSON and ADA, 1959), and as with LDV, it has been 
found that removal of the outer coat, e.g. with deoxycholate, releases infectious. 
ribonucleic acid provided care is taken to avoid exposure to serum or tissue ribo
nucleases (RICHTER and WECKER, 1963). 

The ability of free viral RNA to infect cells implies that the nucleic acid of LDV' 
can function directly as a messenger RNA without the need for prior synthesis of a· 
complementary strand (BALTIMORE, 1971). Thus, the virion would not be expected 
to contain an RNA-dependent RNA transcriptase; the absence of detectable. 
virion transcriptase activity in LDV has been reported by DARNELL and PLAGE
MANN (1972). Tests for reverse transcriptase (RNA-dependent DNA polymerase). 
activity were also reported to be negative (NOTKINS, 1971a). 

If LDV does indeed bear a close relationship with viruses of the togavirus group,. 
as its overall size and the infectivity of the viral RNA would imply, there should. 
be a similarity to othertogaviruses in the size and amount of RNA in the virus particle. 
Semliki Forest virus, a group A togavirus, contains 4.1 X 106 daltons of RNA, which. 
constitutes some 5 per cent of the particle weight (KENNEDY and BURKE, 1972) .. 

3· 
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Information on the size of LDV-RNAhas been obtained indirectly by measurement 
of the radiation target size. ROWSON , PARR, and ALPER (1968 a and b) exposed freeze
dried preparations of LDV in air to the electron beam from a linear accelerator 
to find the radiation target size of the nucleic acid core (see Fig. 23). The straight 
line fitted to the exponential points yields a value of 0.14 megarads for the value 
of the dose which gives survival e-1, i. e. the dose needed to give an average of one 
lethal event per particle with 95 per cent confidence limits of 0.12 to 0.16 megarads. 
According to the calculations of LEA (1946), the corresponding confidence limits 
for the molecular weight of the nucleic acid core are 6 to 8 X 106 daltons. GINOZA 
(1967) compared the estimates of the size of nucleic acid cores obtained by irradia
tion and other methods and concluded that the agreement was good for RNA and 
single stranded DNA viruses, but that for double stranded DNA viruses the 
radiation target size was in general too small. On the basis of GINOZA'S review, the 
value of 6 to 8 X 106 daltons for LDV nucleic acid is unlikely to be too high. How
ever, the relationship between the molecular weight and the size of the whole virus 
measured by filtration suggests that it may indeed be an overestimate. A single
stranded RNA molecule of this size could code for some twenty average-sized 
polypeptides, whereas the group A togaviruses, of similar overall size to LDV, 
contain only two structural proteins, one associated with the core and the other 
with the viral envelope while the group B togaviruses contain one core and two 
envelope proteins. 

The possibility that LDV contains a partially double-stranded RNA genome is 
worth considering though this is unlikely since infectious LDV-RNA is sensitive to 
ribonuclease (NOTKINS, 1964a). A number of viruses of the arbovirus type have 
been identified which can be distinguished from the togaviruses on the basis of 
various physical criteria, but which form a distinct group having double-stranded 
RNA genomes (BORDEN, SHOPE, and MURPHY, 1971). Included in this group are 
bluetongue, rabbit syncytium, equine encephalosis, Colorado tick fever, and African 
louse sickness viruses. 

The most direct indication of the possible double-stranded nature of LDV 
nucleic acid would be analysis for base composition (GREEN, 1965). Approximate 
pairing between the amounts of guanine and cytosine, and adenosine and uracil, 
would suggest a double-stranded structure. However, the only relevant report is 
that of ADAMS and BOWMAN (1964) who compared the base composition of a high 
speed centrifuge pellet from infected mouse plasma, infective titre 1011 ID50/ml, 
with the base composition of a similar pellet from normal mouse plasma. The 
amount of RNA present was found tJ be 40 [Lg/100 ml in normal plasma and 60 [Lg/ 
100 ml in LDV-infected plasma. The base composition of normal plasma RNA was 
adenine, 23.0 per cent, guanine, 34.5 per cent, cytidine, 23.0 per cent, and uridine, 
19.5 per cent; the base composition of the RNA derived from infected plasma did 
not differ significantly from these values (ADAMS and BOWMAN, 1964). However, no 
conclusions can be drawn from this experiment; it will be necessary to extract 
RNA from virus which has been adequately purified and is known to be free of 
cellular material before the base composition of LDV-RNA can be determined. 

Recently, DARNELL and PLAGEMANN (1972 and 1973) have estimated the sedi
mentation coefficient of LDV-RNA from virions grown in mouse macrophage 
cultures in the presence of 3H-uridine as 48 S, relative to Sindbis virus as 43 S. 
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This would give the LDV genome a molecular weight of 5 X 106 daltons, from 
the formula of SPIRIN (1963). The RNA was not sensitive to heat treatment under 
conditions which revealed the subunit structure of L cell oncornavirus-RNA, and 
was completely sensitive to ribonuclease. DARNELL and PLAGEl\iA.J)."'N (1972) con
cluded that LDV contains a single-stranded RNA molecule composed of a con
tinuous polynucleotide chain. NIWA, Y.Al\iA.Z.AKI, BADER, and NOTKINS (1973) 
estimated the molecular weight of LDV-RNA by its mobility after electrophoresis 
in agarose-polyacrylamide composite gels. The RNA extracted from the virus 
banded in a sucrose density gradient at 1.16 to 1.18 g per mL A single peak 
migrated more slowly than the 45 S RNA marker. By extrapolation from the 
known molecular weight of the marker they estimated the molecular weight of 
LDV-RNA to be 6 X 106 daltons. This is in good agreement with the radiation 
inactivation data. 

There are reports from at least one laboratory (NOTKINS, 1971 a; YAMAZAKI 
and NOTKINS, 1973) that the replication of LDV is sensitive to pre-treatment of 
the cells with actinomycin D, an inhibitor of DNA-dependent RNA synthesis. 
This would imply, since the virus was not similarly sensitive to inhibitors of DNA 
synthesis such as cytosine-~-D arabinofuranoside and 5-fluorodeoxyuridine (NOT
KINS, 1971a; YAMAZAKI and NOTKINS, 1973), that LDV requires host DNA
dependent RNA synthesis during the early stages of replication. At least one 
togavirus, Japanese B encephalitis, has been shown to be sensitive to actinomycin D 
(ZEBOVITZ, LEONG, and DOUGHTY, 1972). HOWEVER, both Du Buy and JOHNSON 
(1970) and EVANS (1970) found no significant effect of actinomycin D on LDV 
replication, and until the recent reports of NOTKINS (1971a) and YAl\iA.ZAKI and 
NOTKINS (1973) are confirmed, further speculation on this point would seem 
unwarranted. 

Recently, the polypeptides of LDV grown in primary mouse peritoneal macro
phage cultures have been analyzed by polyacrylamide gel electrophoresis (MICHAE
LIDES and SCHLESINGER, 1973). Three proteins were identified in the virion with 
estimated molecular weight of 13,000, 17,000 and 28,000, respectively. The 13,000 
molecular weight protein was associated with the viral nucleocapsid and the other 
two proteins with the envelope. Similar sized polypeptides have been reported to 
occur in group B togaviruses (WESTAWAY, 1973). These results, coupled with the 
evidence on the size and morphology of the infectious particle, its sensitivity to 
lipid solvents, and the ability of extracted RNA to initiate infection, all suggest 
that LDV should be classified as a togavirus. However, the size of the viral RNA, 
whether estimated by radiation target size (ROWSON, PARR, and ALPER, 1968), 
zonal sedimentation (DARNELL and PLAGEl\iA.NN, 1972), or gel electrophoresis 
(NIWA, Y.Al\iA.ZAKI, BADER, and NOTKINS, 1973) appears to be considerably higher 
than that of known togaviruses; further studies will be necessary before LDV 
can be assigned to this or any other virus group. 

c. Antigenic Structure 

The final identification of a virus usually depends on its antigenic structure, 
and in some cases several serological types of a particular virus can be recognized. 
The study of the antigenic structure of LDV has proved difficult because con-
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ventional neutralization tests in which the virus is mixed with antiserum and the 
mixture tested for infectivity fail to show inactivation of the virus (Du Buy and 
JOHNSON, 1965). This, combined with the permanent viraemia seen in LDV infected 
mice, suggested that antibodies were not being formed and led to doubts about 
the antigenicity of the virus. However, it proved possible to demonstrate the 
presence of neutralizing antibodies in the plasma of infected mice if a fall in virus 
titre was looked for rather than complete neutralization and if the test virus was 
obtained from mice infected for only a few days (RowsoN, MAllY, and BENDINELLI, 
1966; NOTKINS, MAHAR, SCHEELE, and GOFFMAN, 1966). That virus in the plasma 
of chronically infected mice is resistant to neutralization with LDV antiserum is 
an interesting phenomenon further discussed on p. 78. It appears to result from 
the formation of virus-antibody complexes which are infectious but resistant to 
neutralization by further exposure to anti-viral serum. 

Although LDV antibodies can be demonstrated by the indirect fluorescent 
antibody technique 6 days after infection, their titre rises slowly not reaching a 
maximum before 28 days (PORTER, PORTER, and DEERHAKE, 1969). Neutralizing 
activity is also slow to develop and could not be demonstrated in mouse plasma 
until 34 days post-infection (ROWSON, MARy, and BENDINELLI, 1966). The plasma 
of LDV-infected mice always contains infective virus which must be inactivated 
or removed by filtration before the serum can be used in neutralization tests. 
This complication could be avoided by preparing antisera in another species. 
BAILEY and his colleagues (BAILEY, CLOUGH, LOHAus, and WRIGHT, 1965) used 
rats and immunized them by the intraperitoneal injection of virus but they give 
no details of their immunization procedure or the kinetics of the antibody response. 
That antibodies to LDV are produced in rats and hamsters following an injection 
of virus receives support from experiments in which viral infectivity disappeared 
from the -plasma slightly faster after a second injection of LDV than after a primary 
injection. The effect was most marked during the early part of the experiment as 
there appeared to be a residue of virus which was resistant to removal, and infec
tivity persisted for the same length of time following the first and second injections 
of virus (RILEY, 1968b). 

All the strains of LDV so far tested behave in the same way on injection into 
mice and produce identical changes in plasma enzyme levels (POPE and ROWE, 
1964; BAILEY and WRIGHT, 1965). Their antigenic properties have received little 
attention but BAILEY and his colleagues (BAILEY, CLOUGH, LOHAUS, and WRIGHT, 
1965) found that one strain was more susceptible to neutralization by a rat anti
serum prepared against the homologous virus than by antisera prepared against 
seven other strains. This work has not been extended or repeated by others and in 
view of the difficulties in comparing partial neutralization tests it should not be 
taken as proved that LDV strains differ antigenically. One source of error in 
comparing virus preparations is that the proportion of unneutralizable virus in
creases with time after infection (ROWSON, MAllY, and BENDINELLI, 1966). Over 
90 per cent of the infectivity in virus preparations obtained from mice during the 
first few days of infection will be neutralized on exposure to antiserum but in 
chronically infected mice the virus will be completely resistant. It is therefore 
advisable to use virus from mice infected for only 24 hours in any neutralization 
tests in which different virus strains are being compared. 
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Of the other serological tests that have been used in the study of the antigenic 
structure of viruses none have been applied to LDV except for one report that 
antiserum prepared against bee chronic paralysis virus did not react with LDV 
in an Ouchterlony gel diffusion test (GIBBS, 1969). 

D. Resistance to Physical and Chemical Agents 

The rather laborious nature of the methods for titrating LDV have made wor
kers reluctant to devote their limited resources to compiling detailed studies of 
inactivation of LDV by physical and chemical agents. However, there are several 
observations recorded in the literature and from these LDV would appear to be 
an ether-sensitive virus with no unusual resistance or susceptibility to physical 
or chemical agents. 

1. Temperature 

Stock preparations of LDV consisting of pooled mouse plasma may be stored 
at _70° C or lower indefinitely, with virtually no loss of infectivity; freezing and 
thawing has little deleterious effect (NOTKINS and SHOCHAT, 1963). RILEY (1968b) 
has studied the survival of LDV at 4° and -20° C. At 4°C there was a slow loss of 
infectivity, the titre falling by 3.5 logs in 32 days. At -20° C there was a 2 log 
loss of infectivity in one month but no further loss was observed in the subsequent 
5 months. LDV is sufficiently stable at room temperature for it to be manipulated 
without significant inactivation during short-term experimental operations of up 
to 24 hours (NOTKINS, 1965a). Infected faeces at room temperature lose infec
tivity between 96 and 120 hours (CRISPENS, 1964b). At higher temperatures the 
virus loses infectivity rapidly. There is a number of reports describing a loss of 
titre of two logs or more after incubation of the virus at 37° C for 24 hours, and 
complete inactivation within 48 hours at this temperature (BAYERLE, GEORGII, 
and JAKOB, 1962; NOTKINS and SHOCHAT, 1963; EVANS and SALAMAN, 1965; 
RILEY, 1968 b). This raises problems in interpreting the infective titres of LDV 
released into the medium of tissue cultures maintained at 37° C. Detailed studies 
on the rates of inactivation of LDV diluted in tissue culture medium have sho\\'ll 
that virus titres of 104•5 ID5o per ml or less are inactivated within 24 hours at 
37° C (EVANS and SALAMAN, 1965). 

The inactivation temperature of LDV infectivity during brief periods of heating 
(up to 30 minutes) is close to 60° C (CRISPENS, 1965a; RILEY, 1963 b; BAILEY, 
STEARMAN, and CLOUGH, 1963; NOTKINS and SHOCHAT, 1963) and the virus can be 
completely inactivated by heating at 58° C for one hour (BAILEY, STEARMAN, and 
CLOUGH, 1963; ROWSON, MARY, and BENDINELLI, 1966) which does not destroy 
the neutralizing antibodies present in infected mouse plasma. Boiling for 2 min
utes destroys the infectivity of LDV (NOTKINS and SHOCHAT, 1963). 

In the presence of magnesium chloride, LDV is more sensitive to heat inactiva
tion at 50° C (CRISPENS, 1965a). Stability of certain enteroviruses to heat (50° C) 
in the presence of 1 M MgCh was first demonstrated by WALLIS and MELNICK 
(1962), and it was found that some picornaviruses, such as rhinoviruses are inactiv-
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ated under these conditions (DIMMOCK and TYRRELL, 1964) whereas others, such 
as echoviruses, are not (WALLIS and MELNICK, 1962). In the case of LDV, STARK 
and CRISPENS (1965) showed that sensitivity to heat inactivation in 1 M MgCb 
depended on the time following infection at which the virus was harvested. Virus 
harvested at 24-48 hours post-infection was more resistant to heat inactivation 
(500 C for 60 minutes in 1 M MgCb) than virus harvested at 10-14 days or later. 
The evidence as to whether this results from the existence of two types of LDV 
particles has been discussed earlier (p. 32). 

2. pH and Dilution Medium 

LDV withstands variations in pH of the suspending medium from pH 6 to 
pH 8 with no loss of infectivity (RILEY, 1968b). Considerable inactivation occurs 
if the virus is suspended in acid (pH 3) media (CRISPENS, 1965a), whereas it is 
relatively stable at pH 10.3 (NoTKINS and SHOCHAT, 1963). 

NOTKINS and SHOCHAT (1963) compared a number of diluents (Eagle's MEM 
supplemented with 20 per cent veal infusion broth, phosphate buffered saline, 
distilled water, citrate-phosphate and carbonate buffers), exposing the virus 
diluted 1: 100 to the diluent for 3 hours at 40 C before titration. They obtained the 
highest virus titres using Eagle's MEM with 20 per cent veal infusion broth. 

RILEY (1968 b) reports a detailed study of the effects of various dilution media 
on LDV, and found that it was possible to use ordinary 0.9 per cent sodium chloride 
as a diluent provided the preparation was injected within one hour. Addition of 
5 per cent calf serum to the saline medium greatly improves the stability of the 
virus, but there is a danger that repeated injections of heterologous serum at this 
concentration may cause anaphylactic shock. For this reason, a lower concentra
tion of serum, 0.5 to 1 per cent, is recommended as a protectant (RILEY, 1968b). 

3. Chemicals 

Intact LDV is inactivated on exposure to lipid solvents such as ether, chloro
form or butanol. The classical test for ether sensitivity is exposure to 20 per cent 
diethyl ether at 40 C overnight (ANDREWES and HORSTMANN, 1949); these condi
tions completely inactivate LDV (NOTKINS and SHOCHAT, 1963; CRISPENS, 1965; 
MA.HY, HARVEY, and ROWSON, 1966). Chloroform has greater polarity as a lipid 
solvent than ether and is probably a better substance to use for testing for the 
presence of essential lipid in viruses (FELDMAN and WANG, 1961). Treatment with 
chloroform (5 per cent) for 10 minutes at room temperature completely inactivates 
LDV (MARy, HARVEY, and ROWSON, 1966), as does shaking with an equal volume 
of chloroform or butanol for 7 minutes at room temperature (N OTKINS and SHOCHAT, 
1963). Less polar solvents, such as petroleum ether, may be used to extract from 
the virus some lipids which are apparently non-essential for infectivity. Figure 24 
shows an electron micrograph of virus partially purified using petroleum ether 
(Du Buy and JOHNSON, 1965). NOTKINS (1965 c) has presented evidence that lipid 
solvents are only completely effective in causing inactivation of LDV provided 
ribonuclease is present in the virus suspension. If care is taken to a void the presence 
of contaminating ribonuclease (present in normal mouse plasma), the chloroform 
or butanol treatment results in release of infectious RNA from the virion. 
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Properties of the Virus 

4. Miscellaneous Physical and Chemical Treatments 

A number of physical and chemical treatments which have been applied to 
LDV are listed in Table 5. CRISPENS (1965a) exposed infected plasma at 8° C 
in a watch glass to ultraviolet irradiation from a Sylvania germicidal lamp at a 
distance of 14 cm. The watch glasses were agitated at 10 minute intervals and 
the virus titrated at intervals up to 90 minutes. Infectivity was lost between 60 
and 90 minutes of exposure. 

Table 5. Inactivation of LD V by Various Physical and Ohemical Procedures (See also Text) 

Procedure 

Lyophilization and storage at 4° or 22° C 
for 90 days 

Antibiotic mixture (penicillin 100 units, 
streptomycin 50 mgjml, acromycin 50 mgjml 
and mycostatin 50 mgjml) injected (IP) daily 
for 5 days 

Ribonuclease 100 (.lgjml, 23 hours at 23°-25° C 

Deoxyribonuclease 100 (.lgjml, 23 hours at 23° 
to 25° C 

Trypsin 5 mgjml, 1 hour at 37° C 

Papain 5 mgjml, 1 hour at 37° C 

Sodium deoxycholate 1: 1000, 1 hour at 37° C 

Formalin 1: 2500, 12 hours at 4° C 

Alcohol 

I Inactivation I 

± 
± 
+ 

Reference 

N OTKINS and SHOCHAT, 
1963 

BAILEY, STEARMAN and 
CLOUGH, 1963 

RILEY, 1968b 

RILEY, 1968 b 

CRISPENS, 1965a and c 

CRISPENS, 1965a and c 

CRISPENS, 1965a and c 

CRISPENS, 1965a and c 

GEORGII,GOLDBRUNNER 
and BRDICZKA, 1964 

NOTKINS, BERRY, MOLONEY, and GREENFIELD (1962) exposed mice bearing 
the LDV-infected ascitic form of P-388 lymphocytic leukaemia to 10,000 rads 
whole body X-irradiation and were able to recover the virus from the ascitic fluid 
free of the tumour cells which had been killed. In another experiment they exposed 
freshly aspirated ascitic fluid from mice bearing the same tumour to 5 X 106 rads 
of X-irradiation and after this treatment no infectivity could be recovered. 

CRISPENS (1965a) also studied resistance to formalin, by mixing four volumes 
of infected plasma with 1 volume of 1 :500 formalin solution and incubated the 
mixture at 4°C and pH 7.2 for 72 hours. The titre fell slowly from 7.5 to 5.0 IDso/ 
ml. He also exposed the virus to sodium deoxycholate 1:1000 at 37°C for one hour 
and observed a fall in titre from 6.5 to 3.5 IDso/ml. GEORGI!, GOLDBRUNNER, and 
BRDrcZKA (1964), found LDV to be inactivated by p-aminosalicyclic acid, and 
under certain conditions not stated, RILEY (1968 b) reports that the virus is 
sensitive to chloromycetin (chloramphenicol). He found that chloromycetin 
administered daily to mice caused a fall in virus titre and their LDH activity failed 
to increase in the usual manner following infection. As might be expected, aureo
mycin and terramycin have no effect (RILEY, 1968b). 
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EBERT, CHIRIGOS, and ELLSWORTH (1968) studied the effects of chemotherapy 
with streptonigrin (4 daily subcutaneous injections of 0.3 mgJkg) or 6-mercapto
purine (4 daily subcutaneous injections of 60 mgJkg) from 4 to 7 days after LDV 
infection. No effects on plasma LDH levels of the mice were observed up to 20 days 
post-infection, and the drugs did not reduce plasma virus titres below control 
levels on days 8 or 14. 

V. Cultivation of the Virus 

A. IDee 

The LDV replicates with remarkable speed in mice. The growth curve (Fig. 4) 
shows the rapid rise in titre of infective virus in the plasma during the first 24 hours 
after infection. A peak level is reached after 24 hours even when a small dose of 
virus is injected. Figure 25 shows the virus titre in the plasma during the first 

Fig. 25. Titre of LDV in the plasma of mice following the Intraperitoneal Injection of 100 ID •• of LDV 

36 hours after the injection of 100 ID50 of LDV. There is a latent period of five 
hours followed by a sudden rise in plasma virus titre. There is then no further 
increase in virus titre until the end of a second latent period which lasts five to 
six hours. The stepwise growth' curve suggests that virus must be released very 
rapidly from the infected cells perhaps with their destruction, but no morphological 
lesions have been observed in histological studies to confirm this. 

1. Site of Replication 

In an attempt to determine where virus replication was taking place, we 
infected mice with a small number (five to ten) of infective doses of virus and 
tested various organs such as liver, spleen and kidney for virus five hours after 
the injection, but were unable to demonstrate the presence of any in the tissues 
before it appeared in the plasma (ROWSON, 1964). Du Buy and JOHNSON (1966) 
assayed various tissues for virus infectivity twenty-four hours after LDV infection 
(Table 6) and found that the spleen, superficial lymph nodes and thymus had 
titres approaching that in the plasma, whereas the liver, kidneys, pancreas and 
brain had lower titres. Perfusion of the spleen and lymph nodes before titration did 
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not reduce the virus titre and they considered that the virus in these tissues was 
not wholly due to the presence of plasma. In the tissues where they had found the 
greatest amount of virus (spleen, lymph nodes and thymus) they followed the rise 
in virus titre during the first 48 hours after infection. The rise in titre in these tissues 
coincided with that in the plasma, and the titre in the lymph nodes 18, 24 and 
36 hours after infection was higher than in the plasma. In electron microscopic 

Table 6. Ooncentration of LDV in Various Tissues 16 or 24 Hours after Infection 

Plasma 

Spleen 

Lymph nodes 

Thymus 

Liver 

Kidney 

Pancreas 

Brain 

Tissue 

Small intestine 

Urinary bladder 

Virus titre (loglO moo/mI) 

PLAGEMANN, GREGORY, 
SWIM and CHAN (1963) 

8.3 

8.0 

8.0 

7.0 

6.7 

7.7 

6.0 

Du Buy and JOHNSON 
(1966) 

10.0 

10.5 

9.9 

9.8 

9.0 

8.5 

8.5 

7.5 

studies of lymph nodes and spleens up to 24 hours after infection, they were only 
able to find virus particles in large numbers in the cytoplasm of certain lymph node 
cells. BAILEY and MONROE (1972) have reported that the virus titre in lymph nodes 
is higher than in the plasma 24 to 48 hours after infection. PLAGEMANN and his 
colleagues (PLAGEMANN, GREGORY, SWIM, and CHAN, 1963) also titrated the virus 
content of various tissues (Table 6) and found sixteen hours after infection that 
the spleen and liver had the same virus titre as the plasma whereas the lungs, 
kidneys, small intestine and brain had lower titres. They did not examine the 
thymus and lymph nodes. In order to determine the nature of the cells in which the 
virus was replicating, Du Buy and JOHNSON (1966) irradiated mice with 900r 
whole body X-irradiation and· infected them 48 hours later. The lymphocyte count 
in the blood was reduced by 99 per cent but the number of macrophages in the 
peritoneal fluid was not reduced significantly and the virus titre in the plasma 
24 hours after infection was as high as in unirradiated control animals. SNODGRASS, 

LOWREY, and HANNA (1972) by electron microscopy were unable to find any 
evidence of virus replication in the thymus except when the virus had been injected 
directly into the thymus. They found virus particles in the marginal zone of 
lymphoid nodules in the spleen and the medulla of the mesenteric lymph nodes 
6 hours after infection. The number of virus particles had increased by 12 hours 
and they were closely associated with the plasmalemma of reticular cells. At 
this time, the virus particles were present in the thymus-dependent areas where 
they were also associated with phagocytic reticular cells. Virus particles were not 
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seen in close relationship with lymphocytes, but there was evidence of an adverse 
effect on these cells. The cytotoxic effect on the lymphocytes was maximal at 
2 days and subsided by 4 days after injection of LDV. 

The LDVappears to replicate in radiation-resistant cells, probably macrophages, 
especially the phagocytic cells of the reticulum of the spleen and lymph nodes. This 
view receives some support from the studies on virus replication in tissue cultures 
(see p. 53) and from the fact that a large amount bf virus is present in the ascitic 

Fig. 26. Frozen section of spleen 24 hours after LDV injection . 
Treated with mouse anti LDV serum and fluorochrome conjugated anti· mouse globulin 

fluid of mice with the Ehrlich ascites carcinoma, 24 hours after infection-with 
LDV (Du Buy and JOHNSON, 1965). The virus does not replicate in the tumou; cells 
when these are grown in culture or in newborn rats, but if it is injected into the 
swollen peritoneal cavity of mice with ascites due to the tumour, the virus titre in 
the peritoneal cavity after 24 hours is comparable to that in the plasma. There is 
no reason to suppose that the virus is replicating in the tumour cells. It may be 
entering the peritoneal fluid from the plasma, but it seems likely that replication 
is taking place in the peritoneal macrophages. 

Using the indirect fluorescent antibody technique, PORTER, PORTER, and DEER
HAKE (1969) were able to demonstrate antigen-containing cells in sections of 
spleen and liver from mice infected 18 and 24 hours previously with LDV. Similar 
results were obtained by ROWSON and MrCHEALS (1973) (Fig. 26). No antigen
containing cells were seen in sections of kidney, lung, thymus or salivary gland. 
PORTER and his colleagues did not examine sections of lymph nodes; there were 
more antigen-containing cells in the spleen than in the liver, so they examined 
spleen sections at intervals from 12 hours to 7 days after LDV infection. Twelve 
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hours post-infection there was no definite staining. At 18 and 24 hours there 
were 1500 to 5000 stained cells per 6 to 8 square mm. By 36 hours, 200 or less cells 
were stained and there was a reduction in the number of nucleated cells in the red 
pulp of the spleen. Two days after infection and at times up to 7 days, antigen
containing cells were very few and difficult to identify. Such cells in the spleen 
were confined to the red pulp, and their appearance was compatible with their 
being macrophages. Antigen was mainly located in the cytoplasm and the slight 
nuclear staining observed may have been due to cytoplasm lying over or under 
the nucleus. In sections of liver 18 and 24 hours post-infection there were 100 to 
400 antigen-containing cells per 25 square mm. There was no staining of liver cells, 
the staining being limited to Kupffer cells. Three days post-infection, the number 
of immunoglobulin-containing cells in the spleen was about twice the number seen 
in control mice, while at 4 and 7 days there were from 2 to 5 times the number. 
This increase in the immunoglobulin producing cells is in keeping with NOTKINS 
and his colleagues' observation of increased plasma gammaglobulin levels in LDV 
infected mice (NoTKINs, MERGENHAGEN, RIZZO, SCHEELE, and WALDMANN, 1966). 
It limited the usefulness of the indirect fluorescent antibody technique in the search 
for viral antigen in the later stages of infection, and using the direct method PORTER 
and his colleagues found the staining to be not very intense. These factors prevented 
the examination of chronically infected splenic tissue for viral antigen. 

Table 7. Effect of Nephrectomy on Replication of Lactic Dehydrogenase Virus 

Treatment 

None 

Nephrectomized 2 hours after infection 

Nephrectomized 4 hours after infection 

Blood virus titre" (log •• IDs./mI) 
Time after infection 

4 hours 

3.5 

24 hours 

8.0 

3.0 

6.0 

a All the mice were injected intravenously with the same dose of virus and the 
figures given are the means of 3 titrations using 2 mice at each 10-fold dilution. 

ROWSON, MICHAELS and HURST (1974) made an electron microscopic study of the 
tissues of mice during the first few weeks after infection with LDV and found that 
there was a very early change in the kidney glomeruli (see p. 95). As early as 24 hours 
after infection there was swelling of the capillary endothelial cells, so there was a 
possibility that these changes might be due to virus replication in the capillary 
lining cells though no viral antigen could be demonstrated in these cells by immuno
fluorescence. To assess the role of the kidney cells in virus production, mice 
were bilaterally nephrectomized 2 or 4 hours after the injection of LDV intra
venously. As shown in Table 7, nephrectomy dramatically reduced the level of 
viraemia attained 24 hours after infection. Unfortunately, though mice appear 
quite normal for some hours after total nephrectomy, they are moribund after 
22 hours and it is therefore difficult to be certain why nephrectomy reduces 
the virus titre at 24 hours after infection. That it is not due to removing the tissue 
in which the virus replicates is suggested by the fact that nephrectomy 4 hours 
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after infection is very much less effective than nephrectomy 2 hours after infection. 
As no new virus is released before 5 hours after infection, one would expect removal 
of the tissue in which the virus 'replicates to be equally effective at 2 or 4 hours. 
The role of nephrectomy in reducing the level of viraemia requires further study. 

2. Factors Affecting the Acute Phase of Infection 

The rapid rise in virus titre during the first 24 hours after infection may be 
terminated by the action of interferon as high titres of interferon have been found 
in the plasma at this time (BARON, Du Buy, BUCKLER, and JOHNSON, 1964; 
BARON, BUCKLER, MCCLOSKEY, and KIRSCHSTEIN, 1966; Du Buy and JOHNSON, 
1965 ; FALKE and ROWE, 1965; EVANS and RILEY, 1968; Du Buy, BARON, UHLEN
DORF, andJ OHNSON ,1973) and the virus is sensitive to the action of interferon (Y AMA

zAKIandNoTKINS,1973;DuBuY,BARON,UHLENDoRF,andJoHNSON,1973).Support 
for the view that interferon production is responsible for controlling the very rapid 
virus replication taking place in the first day after infection comes from experiments 
using statolon, an interferon inducer and actinomycin D, which has been shown to 
inhibit the production of interferon in tissue cultures infected with the RNA of 
Chikungunya virus if added 1 % hours or less after exposure to the virus (LEVY, 
AXELROD, and BARON, 1965). CRISPENS (1970a) found that the titre of LDV in the 

Table 8. The Effect of Various Substances on th6 Blood Virus Titre 24 Hours after the 
Injection of LDV 

Interval between Level of viraemia 24 hours 
injections of test Expccted after virus injection 

Test substance substances and effect (log!. IDs. per mI blood) 
virus (hours) on RES 

I Control Test 

Stilboestrol (implant) 72 Stimulation 9.5" 8.5 
(6 daily injections) 48 Stimulation 8.5 8.5 

Carbon 1 Blockade 10.0 10.5 

Zymosan ! Blockade 9.0 10.0 
3 Blockade 9.0 10.0 

20 Stimulation 10.0 9.5 

Thorotrast 1 Blockade 8.5 9.5 
18 Blockade 9.5 9.5 

" Titrations performed using 2 micc at each 10-fold dilution. Values are the mean 
plasma virus titres of 2 mice. 

plasma 24 hours after infection was significantly reduced by an intrapcritoneal 
injection of 4.5 mg of statolon given between 6 and 12 hours before the virus. 
Given earlier or later it had less effect. He also found that the optimal dose was 
4.5 mg and that it produced the most marked fall in titre when the infecting dose 
of virus was small. Actinomycin D, 10 mg injected intraperitoneally one hour 
before an injection of LDV, did not increase the plasma virus titre at 24 hours after 
infection, but higher virus titres were observed in the actinomycin D-treated mice 
than in control infected mice from 48 hours until one week after infection (CRISPENS, 
1966a). If, in fact, interferon is responsible for terminating the rapid phase of 
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virus production, some effect on the 24 hour virus titre should have been seen, but the 
drug may have been given too late. The mice were not examined to see if interferon 
production was in fact inhibited. An alternative explanation for the failure of 
interferon suppression by actinomycin D to increase the virus titre in the plasma 
may be that actinomycin D, as well as suppressing interferon production, also 
inhibits LDV replication (YAMAZAKI and NOTKINS, 1973). 

Another factor which may be involved in terminating the rapid rise in virus titre 
is the death of available virus producing cells and a scarcity of further cells suscep
tible to infection. 

It seems unlikely that the reticuloendothelial system plays any major role in 
limiting the peak level of viraemia as the administration of various substances 
which affect the phagocytic function of the reticuloendothelial system has no 
effect on the level of viraemia 24 hours after infection (ROWSON, MARY, and SALA
MAN, 1965). Table 8 shows the substances tested, their expected effect on the reticulo
endothelial system and the 24 hour plasma virus titres in control and test mice. 

3. Factors Affecting the Chronic Phase of Infection 

Interferon mayor may not playa part in terminating the phase of rapid virus 
production but it seems likely that it is at least partly responsible for the fairly 
rapid fall in plasma virus titre which occurs during the first week after infection 
(EVANS and RILEY, 1968). The plasma virus titre can be sharply reduced by the 
stimulation of interferon production (ROWSON, 1969). Figure 27 shows the plasma 
virus titre in three mice following the injection of statolon, an interferon stimulator. 
Within 48 hours of injection the level of viraemia fell by 2 to 3 10glO units but 
rapidly returned to the pre-treatment level. A similar observation has been made 
by CRISPENS (1970a). Du Buy and JOHNSON (1965) obt~ined a depression of 
plasma virus titre following the injection of 108.5 PFU of Newcastle disease virus 
into mice 10 days after LDV infection. 

Circulating antibodies appear late in the infection and presumably play no part 
in the fall in plasma virus titre during the first 2 to 3 weeks. However, it seems 
likely that they playa part in determining the stable level of viraemia after the 
first 3 weeks. Du Buy, WORTHINGTON, and JOHNSON (1971) followed the plasma 
virus titre in two groups of mice injected with LDV. One group was given weekly 
intraperitoneal injections of an immunosuppressive agent (cyclophosphamide, 
75 mg per kg) commencing 12 hours after infection and continued for 24 weeks, 
while the other group received injections of phosphate buffered saline. For the first 
2 to 3 weeks there was no significant difference between the plasma virus titre in 
the two groups but from the 4th week after infection until at least 28 weeks after 
cessation of drug treatment, the viraemia of the immuno-suppressed mice was 
about 1.0 to 2.510g lO higher than in the control group. 

In addition to neutralizing viral infectivity, antibodies may help in the removal 
of virus particles from the plasma by the reticuloendothelial system which consists 
of the fixed and wandering mononuclear phagocytic cells of the body (STUART, 
1970). Although stimulation or blockade of the reticuloendothelial system had no 
effect on the peak level of viraemia 24 hours after infection, the stable level of virus 
in the plasma two weeks or more after infection is altered by the injection of 
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substances which affect the phagocytic activity of the reticuloendothelial system 
(ROWSON, MARY, and SALAMAN, 1965). 

Figure 28 shows the rise in plasma virus titre which follows the intraperitoneal 
injection of a single dose of thorotrast, a potent reticuloendothelial blocking agent 
which reduces phagocytosis; and Figure 29 shows the small but prolonged depres-
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Fig. 27. Titre of LDV in the plasma of S mice following Fig. 28. Mean blood virus titre in 2 pairs of mice injected 
the injection of statolon intraperitoneally with either 1.0ml or 0.5 mi ofthorotrast 

per mouse 10 days after infection with LDV. (From 
ROWSON, MARY, and SALAMAN, 1965) 
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Fig. 29. Mean blood virus titre in 2 mice receiving a course of subcutaneous injections of stilboestrol. 
Six injections were given on days 0 to 5, each consisting of 0.1 mg stilboestrol/mouse, dissolved in 0.1 mi arachis oil. 

(From ROWSON, MARY, and SALAMAN, 1965) 

sion of the plasma virus titre following a course of subcutaneous injections of 
stilboestrol which stimulates the reticuloendothelial system. A single dose of 
zymosan at first blocks and then stimulates the reticuloendothelial system and 
Figure 30 shows the effect of zymosan on the level of viraemia. The rise in virus 
titre is not as great as that produced by thorotrast and the effect is shortlived. 
By 48 hours after injection the titre is depressed below the starting level. Rather 
surprisingly, bacterial endotoxin, a reticuloendothelial stimulating agent, did not 
significantly reduce the level of viraemia (ROWSON and MARy, 1965). 

Similar results have been reported in two other virus infections. Blockade of the 
reticuloendothelial system with thorotrast was found to increase the level of 
viraemia in mice infected with Semliki Forest virus (MIMs, 1964), and to decrease 

Vlrol. Monogr. 13 4 
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the rate at which injected Newcastle disease virus disappeared from the blood of 
mice (BRUNNER, HUREz, MCCLUSKEY, and BENACERRAF, 1960). 

LDV-infected mice clear certain plasma enzymes more slowly than normal 
animals so it might be expected that they would be less efficient in clearing virus 

7 
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Fig. 30. Mean blood virus titre in 2 mice injected intravenously with zymosan (10 mg/IOO g body weight as a 
suspension in normal saline) 10 days after infection with LDV. (From ROWSON, MAllY, and SALA>IAN, 1965) 

Table 9. Clearance from the Plasma of Intravenously Injected LDV in 
Previously U ninfected Mice and in Mice Infected with LD V for 3 Weeks 

Plasma virus titre" (log" IDso/ml) 

Mouse No. Previous LDV infection 
2 minutes after 3 hours after 
virus injection virus injection 

1 I - (no) 8.5 7.3 

2 - (no) 8.0 7.2 

3 - (no) 8.5 7.0 

4 - (no) 8.5 7.0 

Mean 8.4 7.2 

5 + (yes) 7.7 6.5 

6 + (yes) 8.3 6.3 

7 + (yes) 7.8 7.0 

8 + (yes) 8.5 5.9 

Mean 8.2 6.2 

a Titrations performed using 6 mice at each lO-fold dilution. 

particles also. It is not possible, strictly speaking, to measure the rate of LDV 
clearance from normal mice as the injected virus will initiate infection. However 
as no new virus is released into the plasma for 5 to 6 hours after infection, the 
clearance rate measured during this period in previously uninfected mice will be 
of injected virus only. We (ROWSON, MARy, and SALAMAN, 1965) took two groups 
of four mice, one uninfected and the other infected with LDV twenty one days 
previously. All the mice were injected intravenously with 0.1 ml of a virus prepara-
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tion containing 109.5 ID50 per ml. The mice were bled two minutes and three hours 
later and the virus titre in the plasma titrated. Table 9 shows the virus titres 
obtained. Since the dose of virus was large in comparison with the level of previously 
circulating virus in the infected mice it is not surprising that the virus titres in the 
two groups are virtually the same two minutes after injection. After three hours 
the mice previously infected had cleared rather more of the injected virus from 
their circulation than had the previously uninfected animals. It seems unlikely 
that antibody could have played any major role in the disappearance of viral 
infectivity as neutralizing antibodies are not demonstrable in the plasma as early 
as twenty-one days after infection. Further evidence that the reticuloendothelial 
system of mice chronically infected with LDV can clear particulate matter normally 
is the normal carbon clearance in such animals (MARy, 1964) and the fact that 
bacteriophage T2 is cleared normally (ROWSON and MARy, 1965). 

The stable and permanent viraemia in LDV infected mice does not appear to 
depend on blockade of the reticuloendothelial system and the available evidence 
suggests that there may be a quite rapid turnover of virus in the plasma. How
ever, the clearance of antibody-stabilized virus has not been studied and it may 
be that this virus-antibody complex is not rapidly removed from the plasma. 

4. Miscellaneous Substances Affecting the Growth of LDV 

The action of a number of other substances on the replication of LDV have 
been reported. 

Dimethyl benzanthracene has been reported to reduce interferon production 
in vitro (MAEYER and MAEYER-GUINGUARD, 1963). However, 0.4 mg suspended 
in 1 per cent gelatin and injected intraperitoneally into mice did not affect their 
response to LDV injected at time intervals from one hour to fourteen days later. 
Plasma virus titres twenty four hours after infection and LDH activity in the plasma 
at three days after infection were measured, but there was no difference between 
the control and dimethyl benzanthracene treated animals (ROWSON, 1963). 

It has been suggested that 6-thioguanine is incorporated into the nucleic acid 
of cells and pretreatment with azaserine, an inhibiter of purine synthesis, enhances 
the inhibitory effect of 6-thioguanine. The action of these two substances on LDH 
virus replication was investigated by ADAMS and BOWMAN (1963). They took two 
groups of four mice and injected them with a small dose of LDV. Fifteen minutes 
previously one group had been given an intraperitoneal injection of 10 mg/kg of 
azaserine. One hour after infection this group was injected with 10 mg/kg of 
6-thioguanine. The same dose was repeated at hourly intervals for 6 hours and 
finally two similar doses were given at 90 minute intervals. Blood was taken from 
the two groups 7, 11 and 24 hours after infection, and titrated in mice for infectivity. 
The treated group had lower plasma virus titres after 7 and 11 hours but by 
24 hours both groups had titres of at least 107 ID50/ml. It seems possible that 
thioguanine may have been incorporated into the viral nucleic acid and delayed 
the production of infective virus during the period of administration, but the effect 
was shortlived. 

The action of two other cancer chemotherapeutic agents, 6-mercaptopurine 
and streptonigrin has been investigated by EBERT, CHIRIGOS, and ELLSWORTH 
(1968). Both of these substances given daily for 4 days, commencing on the fourth 

4* 
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day after Friend leukaemia virus infection, caused a 3 to 410g10 reduction in the 
plasma virus titre until the 11th day after virus inoculation. After this, there was 
no significant difference between the treated and control mice. Similar treatment 
of LDV infected mice caused no alteration in plasma virus titre. 

Orthophenarsine hydrochloride used to control Eperythrozoon cocco ides infec
tion has no effect on LDVreplication (RILEY, LOVELESS, and FITZMAURICE, 1964). 

B. Other Animals 

The LDV has not been shown to replicate in any species other than the mouse. 
PLAGEMANN and his colleagues (PLAGEMANN, GREGORY, SWIM, and CHAN, 1963) 
injected rats and golden Syrian hamsters with LDV but there was no elevation 
of the plasma LDH level and plasma taken from these animals one to two weeks 
after inoculation failed to infect mice on injection. NOTKINS (1965a) reports that 
the injection of LDV into rats, hamsters, guinea pigs and rabbits did not cause 
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Fig. 31. Titre of LDV in the plasma of rats following intraperitoneal injection of infected mouse plasma 

a rise in plasma LDH activity and attempts to demonstrate the virus in the plasma 
of these animals by injecting it into normal mice were unsuccessful. ROWSON (1966) 
injected deer mice (peromyscus) with LDV. After 5 minutes the plasma virus titre 
was 106 ID50/ml, but by 24 hours after injection no infective virus could be 
demonstrated. Figure 31 shows the steady fall in plasma virus titre in rats give 
a single injection of LDV. A small dose of virus has completely disappeared in 
12 hours but with a larger dose some virus is still present in the plasma after 48 hours. 
Similar results were obtained by RAUEN and HUPE (1963). KAMPSCHMIDT, 
UPOHURCH, and JOHNSON (1966) could find no evidence for a LDVin rats, and this 
failure of LDV to replicate has been used as a method of freeing various tumour cell 
lines and viruses from contamination with the virus (ADAMS, ROWSON, and SALA
MAN, 1961; NOTKINS, BERRY, MOLONEY, and GREENFIELD, 1962). If a contami
nated tumour cell suspension is injected into newborn rats, the cells will survive 
for some time and the LDV will have disappeared by the 8th or 10th day after in
jection. The tumour cells can then be transplanted back into virus-free mice. 
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CRISPENS (1963b and d) reported attempts to isolate LDV from four human 
tumours, a mammary carcinoma, a leiomyosarcoma of stomach, a transitional 
cell kidney carcinoma and a melanoma of the choroid, but without success. 

C. Tissue Culture 

The LDV replicates in cultures of various mouse tissues but the conditions 
necessary appear to be critical, and the virus is easily lost from a culture although 
the cells appear normal and other viruses may continue to replicate. It is therefore 
quite easy to free murine viruses which will replicate in tissue cultures from conta
mination with LDV. The Moloney leukaemia virus was freed from LDV by passage 
in mouse embryo tissue culture before the latter virus was known (ADAMS, ROWSON, 

and SALAMAN, 1961). 
YAFFE (1962a and b) was the first to report the propagation of LDV in murine 

tissue cultures. He used cultures of embryo tissue and as there was no cytopathic 

0-0 Infected I tlay affer preparation 

~ .In/ected 11 tlays ,,#11" prepar&t/on 

....... Infected 14 days after prejlilr"tion 

Fig. 32. Susceptibility of primary mouse embryo cultures to LDV iufectlon. 
Titres of supernatant fluids of cultures infected on the 1st, 8th, and 14th day after preparation. (From EVANS and 

SAUMAN, 1965) 

effect of the virus on the cells, the virus titre in the medium had to be titrated by 
injection into mice. YAFFE was able to propagate the virus indefinitely in primary 
mouse embryo tissue cultures by transferring medium every few days to new 
primary cultures. When infecte:l cultures were trypsinized and replated, the virus. 
was lost after the second passage and cultures in which the virus had died out· 
could not be reinfected. That this was due to some change in the cultures on ageing 
and not to the action of the virus was shown by the fact that secondary and tertiary 
cultures, unexposed to the virus, were resistant to infection and could not be used 
successfully to replicate the virus. Figure 32 (EVA.NS, 1964; EVA.NS and SA.LA.
MAN, 1965) shows the LDV titre in mouse embryo cell cultures infected 1, 8, or' 
14 days after preparation. The infectivity is lost from the 14 day culture after 
24 hours but infectivity is present for over a week in the youngest culture. How-· 
ever, even using freshly trypsinized primary embryo cultures, EVANS and SA.LA.
MAN (1965) were unable to maintain LDV in serial passage by either daily or twice
weekly transfer. They compared cultures of mouse embryo liver and embryo-
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spleen, but though infectivity was maintained for longer than in whole embryo 
cultures, it was lost after 16 days. Using peritoneal macrophage cultures they 
were able to maintain infectivity for 22 days which was as long as the cultures 
would survive. By twice weekly passage into fresh macrophage cultures they were 
able to maintain the virus without loss of titre for 80 days. 

Other workers have been more successful with mouse embryo cultures. ANDER
SON and his colleagues (ANDERSON, RILEY, WADE, and MOORE, 1965; ANDERSON, 
RILEY, FITzMAURICE, LOVELESS, WADE, and MOORE, 1966) reported long periods 
of virus replication in primary cultures. In one experiment viral infectivity was 
still present after 119 days in culture. PLAGEMANN and SWIM (1966a) found that 
cultures produced virus until they had been subcultured 2 or 3 times which in the 
case of mouse embryo cultures was 2 to 3 weeks. Using adult mouse tissues the 
cultures grew more slowly, the interval between subcultures was therefore longer 
and viral infectivity persisted much longer. In one experiment a culture of adult 
lung cells continued to produce virus until the cells began to degenerate after 
150 days in culture. 

In contrast to these results, GEORGll and LENZ (1964) found that viral infectivity 
could be maintained in mouse embryo cultures for a maximum of 14 days, and 
Du Buy and JOHNSON (1966) observed a gradual decrease in virus titre over the 
course of 3 days. Both found that viral infectivity persisted longer in embryo cell 
cultures than in control tubes containing only tissue culture medium, but they 
obtained no definite evidence of viral replication in mouse embryo cell culture. 

Of the many variations between the different reports, the factors of most 
importance in successful replication of LDV appear to be the tissue culture 
medium and the conditions of culture. The strain of mouse cells used seems to have 
little effect. Du Buy and JOHNSON (1968) compared macrophages from 3 strains, 
G.P., CDF and C57B6, and found no difference between them. They were able 
to maintain the virus by alternate passage in C57B6 and CDF cells, thus showing 
that virus released from one strain of cell could readily infect another. In their 
first experiment on the replication of LDV in macrophage cultures Du Buy and 
JOHNSON (1966) were unable to maintain the virus on serial passage. However, 
when they maintained the pH of the tissue culture medium more carefully the 
cultures continued to produce virus for at least 21 days and the virus could be 
maintained by serial passage to fresh cultures (Du Buy and JOHNSON, 1968). 
EVANS (1967) found that by replacing the lamb serum he had used in his earlier 
work (EVANS and SALAMAN, 1965) by calf serum he obtained very much prolonged 
virus replication in mouse embryo tissue cultures. He was able to maintain infec
tion with LDV by twice weekly passage in primary mouse embryo tissue cultures 
and even to infect secondary cultures. 

Although there are many reports that cultures from certain tissues or of certain 
cell types gave better results than others, there is no consensus of opinion and 
the conclusion must be that the nature of the cells in which LDV replicates is not 
at present clear. EVANS (1967) found that embryonic tissue was in general better 
than adult tissue for LDV replication, but whether this was due to cellular differ
entiation or to the loss of a highly susceptible cell type was not evident. The 
proportion of fibroblastic cells and phagocytic cells, which EVANS identified by 
their ability to take up zymosan, varied at different stages in the life of the primary 
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embryo cultures, but this did not appear to affect virus production in the culture. 
The absence of epithelial cells in the older cultures which had disintegrated and 
regrown on the glass and which continued to produce virus, indicated that these 
cells were not necessary for viral replication. The role of lymphocytes in LDV 
replication in cultures of peritoneal cells was investigated by EVANS (1970). He 
used cultures with different proportions of macrophages and lymphocytes and 
found that virus replication was best in pure macrophage cultures. Pure lympho
cyte cultures produced very little if any new virus. 

A factor which may be of importance in preparing primary cultures suitable, 
for LDV replication and in causing the loss of viral infectivity on preparation of 
secondary cultures is the strength of trypsin used. The virus is not inactivated by 
treatment with trypsin (0.2 mg per ml for 1 hour at 37° C) (Du Buy and JOHNSON, 
1966), but certain cells or cell receptors may be. FRANTSI and GREGORY (1969) 
found that mouse embryo liver cell cultures prepared with 0.025 per cent trypsin 
were very much better for LDV replication than those prepared using 0.25 per cent 
trypsin. They were of the opinion that the stronger enzyme solution destroyed or 
altered cells which were particularly suitable for virus replication. In the cultures 
prepared with dilute trypsin, from 50 to 90 per cent of the cells showed a loss of 
cytoplasmic extensions, which were typical of those sensitive cells, within 6 to 
8 hours after infection. By 14 hours, many of the cells had rounded up and had a 
deeply granular appearance. The virus titre in the medium started to rise two 
hours after infection and reached a peak by four hours after which it fell slowly. 
The LDH activity in the infected cultures was increased as compared to non
infected cultures from four hours after infection. FRANTSI and GREGORY (1969) 
are the only workers to have observed a cytopathic effect and an increased level 
of LDH activity in cultures infected with LDV. All the other reports (PLAGEMANN, 
WATANABE, and SWIM, 1962; GEORGI!, LENZ, and ZOBEL, 1964; ANDERSON, 
RILEY, FITZMAURICE, LOVELESS, WADE, and MOORE, 1966; Du Buy and JOHNSON, 
1966; NOTKINS, 1971a; YAMAZAKI and NOTKINS, (1973) agree in observing no 
cytopathic effect or increase of LDH activity in the medium of tissue cultures in
fected with LDV. The failure of the virus to cause any alteration in the LDH pro
duction of infected cells is not surprising as the bulk, if not all, of the increase in 
plasma LDH activity caused by the virus appears to be due to blockade of the 
reticuloendothelial system and not to increased enzyme production by the infected 
cells (see p. 65). 

The lack of an obvious cytopathic effect in virus producing cultures is compat
ible with the prolonged virus production which occurs in cultures under ideal 
conditions, and with the observation that most of the virus infectivity is in the 
medium. One explanation for this is that the complete infective virus is formed 
at the cell surface and released into the medium without cell destruction. Alter
natively, the proportion of cells in the culture which are producing virus may be 
very small. The observation that infection with LDV does not affect the rate 
of nucleic acid or protein synthesis in mixed cell cultures of spleen and lung cells 
(PLAGEMANN and SWIM, 1966a) does not help to decide between these two alter
natives. However, OLDSTONE, YAMAZAKI, NIWA, and NOTKINS (1974) using im
munofluorescent and infectious centre assays to estimate the proportion of cells 
producing virus in primary mouse embryo cell cultures infected with LDV found 
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that only a small proportion were producing virus. The infectious centre experi
ments indicated that only 0.45 per cent of cells were virus producers 24 hours after 
infection. In the immunofluorescence studies, using an anti-LDV immunoglobulin, 
2.2 per cent of cells stained at 24 hours, but at 48 hours only 0.3 per cent stained. It 
therefore seems likely that in cell cultures only a very few cells yield virus and even if 
these cells are destroyed they would not make an observable cytopathic effect. 

Established tissue culture lines of mouse cells (mouse embryo strain 1, mouse 
lung strain 1, mouse kidney strain 33, and strain L mouse cells) appear unable to 
support LDV replication (PLAGEMANN and SWIM, 1966a), despite an earlier report 
that extracts of LDV inoculated L cells caused a significant rise in plasma LDH on 
injection into mice (GEORGII, JAGER, KROTH, and BAYERLE, 1962). Other tissue 
culture cell systems which have been found not to support LDV replication are: 
HeLa, rhesus monkey kidney, rat peritoneal macrophages (PUGEMANN and 
SWIM, 1966a; EVANS and SAUMAN, 1965; EVANS, 1964), suckling hamster kidney 
cells (TENNANT and WARD, 1962), and murine tumour cells from a number of 
transplantable tumours (YAFFE, 1962a and b; PLAGEMANN, GREGORY, SWIM, and 
CHAN, 1963; PLAGEMANN and SWIM, 1966a). 

N OTKINS (1971 a) and YAMAZAKI and N OTKINS (1973) were unable to demonstrate 
the presence of interferon activity in primary mouse embryo cells in which LDV 
was replicating, but if the cultures were incubated overnight with mouse inter
feron before infection with LDV the virus titre 24 hours later was depressed 
by over 99 per cent as compared with that in similar cultures not pretreated with 
interferon. Du Buy, BARON, UHLENDORF, and JOHNSON (1973) were unable to 
demonstrate interferon in unstimulated mouse macrophage cultures infected 
with LDV. Thus, in tissue cultures LDV appears to be a poor inducer of interferon 
but quite sensitive to its action. The possibility that small amounts of interferon, 
not detected by standard techniques, are formed in LDV infected tissue cultures 
and limit viral replication has been tested by treating the cultures with actino
mycin D, which blocks interferon production, or any DNA-dependent synthesis 
of protein inhibitors. Du Buy and JOHNSON (1970) used mouse macrophage cultures 
and added actinomycin D 30 minutes before the LDV (lor 3 fLg per Leighton tube) 
and maintained the same concentration during virus replication. The lower con
centration of actinomycin D only slightly reduced the concentration of virus in 
the medium at 8 hours after infection. The higher concentration reduced the virus 
titre from 106•7 to 105.5 1D50/ml but the cells were noticeably more rounded up 
than in the control cultures. EVANS (1969 and 1970) also found that actinomycin D 
did not increase or prolong LDV replication in mouse peritoneal macrophage 
cultures, but there is one report (N OTKINS, 1971 a) that LDV replication in primary 
mouse embryo cultures is inhibited by actinomycin D. NOTKINS (1971a) treated 
his cultures with actinomycin D for one hour before infection with LDV and found 
that as little as 0.125 fLg/ml would reduce the yield of LDV by 98 per cent. These 
results give no support to the idea that interferon is cutting short LDV replication 
in tissue cultures and although actinomycin D may reduce the yield of LDV under 
certain conditions there must be some doubt as to whether or not a DNA-dependent 
RNA step is involved in LDV replication. To determine if DNA synthesis was 
required for LDV replication, YAMAZAKI and NOTKINS (1973) treated primary 
mouse embryo cultures with cytosine-~-D arabinofuranoside (10-4 M) prior to 
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infection and found that although DNA synthesis was inhibited by 60 per cent, 
LDV replication was not appreciably affected. Similarly, 5-fluorodeoxyuridine did 
not inhibit LDV replication. These results would not indicate the presence of an 
RNA-dependent DNA polymerase and NOTKINS (1971 a) reports that one was not 
found in his virus preparations. 

VI. Pathogenesis 

A. Plasma Enzymes 

Changes in the chemical composition of the blood may provide a sensitive 
index of the course of many diseases. Of the various normal and abnormal blood 
constituents, enzymes have proved of particular value to chemical pathologists 
since the high measurable activity associated with minute quantities of enzyme 
protein mean that small changes in their concentration can be detected with 
great sensitivity. However, for many years the only serum enzymes to be studied 
were acid and alkaline phosphatases, which were reported to alter in activity in 
bone and liver disease (ROBERTS, 1930, 1933). Over the subsequent twenty years, 
methods for the study of several other serum enzymes such as cholinesterases, 
lipase, amylase and aldolase were developed-see reviews by KING (1959) and 
WILKINSON (1962)-but it was not until interest in the so-called metabolic 
enzymes (lactate dehydrogenase, aspartate transaminase, alanine transaminase, 
and isocitrate dehydrogenase) intensified in the 1950's that the subject of serum 
enzymology suddenly attracted universal attention. Previously, increases in enzyme 
activity which had been reported were thought to result from simple obstruction 
of the normal secretory mechanisms, as for example the rise in alkaline phosphatase 
in liver disease involving obstruction of the bile ducts. The measurement of trans
aminase or lactate dehydrogenase activities in serum was considered, on the other 
hand, to provide an index of cell damage, and numerous reports appeared claiming 
the specificity of one enzyme rise or another for various disease conditions (see 
Table 10). 

HILL and LEVI (1954) first reported that lactate dehydrogenase activity 
was increased in the serum of patients with neoplastic disease, and with the develop
ment of a satisfactory assay method for lactate dehydrogenase activity in blood 
(WROBLEWSKI and LADUE, 1955), mice bearing experimental tumours were found 
to have elevated plasma lactate dehydrogenase levels (HILL and JORDAN, 1957; 
HSIEH, SUNTZEFF, and COWDRY, 1956; JACOBSON and NISIDO, 1963; MANso, 
SUGIURA, and WROBLEWSKI, 1958; FRIEND and WROBLEWSKI, 1956). It was 
during a study of the relationship between plasma LDH activity and tumour 
growth (RILEY and WROBLEWSKI, 1960) that LDV was discovered. When mice 
were implanted subcutaneously with Ehrlich carcinoma cells, five phases were 
observed in the alteration of LDH activity in the blood plasma (Fig. 1). Following 
tumour implantation there was a latent period of one to three days (Phase 1) 
which was followed by a rapid increase in enzyme activity from the normal levels 
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Table 10. Serum Enzyme Activities Increased in Association with Oet·tain Disease 
Oonditions in .Man 

Serum enzymes Disease 

Alanine transaminasea Liver disease 

Aldolase Muscular dystrophy 

Alkaline phosphatase Osteoblastic disease 
Jaundice 

Aspartate transaminaseb Myocardial infarction 

y-Glutamyl 
transpeptidase 

2-Hydroxybutyrate 
dehydrogenasec 

Hepatitis 

Pancreatic or hepato
biliary disease 

Myocardial infection 

Megaloblastic anaemia 

Isocitrate dehydrogenase Viral hepatitis 

Leucine aminopeptidase 

Lactate dehydrogenase 
(Total) 

Lactate dehydrogenase 
(H4 isoenzyme) 

Ornithine carbamyl 
transferase 

Phosphocreatine kinase 

Sorbitol dehydrogenase 

Triose-phosphate 
isomerase 

Hepatobiliary disease 

Myocardial infarction 
Neoplasia, Lymphoma 

Breast 

Gastrointestinal 

Megaloblastic and Sickle 
cell anaemia 

Myocardial infarction 

Viral hepatitis 

Muscular dystrophy 

Parenchymal liver 
injury 

Viral hepatitis 

a Also known as glutamic·pyruvate transaminase. 

Reference 

WROBLEWSKI and LA DUE 
( 1956) 

DREYFUS, SCHAPIRA and 
SCHAPIRA (1958) 

ROBERTS (1930) 
ROBERTS (1933) 
GUTMAN (1959) 

KARMEN, WROBLEWSKI and 
LA DUE (1955) 

WROBLEWSKI, JERVIS and 
LA DUE (1956) 

RUTENBURG, GOLDBERG and 
PINEDA (1963) 

ELLIOT, JEPSON and 
WILKINSON (1962) 

ELLIOTT and WILKINSON (1963) 

WOLFSON, SPENCER, STERKEL 
and WILLIAMS-AsHMAN (1958) 

MERICAS, ANAGNOSTOU, 
HADZIYANNIS and KAKARI 
(1964) 

WROBLEWSKI (1959) 
BIERMAN, HILL, REINHARDT 
and EMORY (1957) 
ROSE, WEST and ZIMMERMAN 
(1961) 
SCHWARTZ, WEST, WALSH and 
ZIMMERMAN (1962) 
ZIMMERMAN, WEST and HELLER 
(1958) 

VAN DER HELM, ZONDAG, HAR· 
TOG and VAN DER KoO! (1962) 
BELL (1963) 

REICHARD (1961) 

DREYFUS, SCHAPIRA and DEil<IOS 
(1960) 

ASADA and GALAMBOS (1963) 

GmSTI and PICCININO (1963) 

b Also known as glutamic-oxaloacetic transaminase. 

C Mainly measures LDH-4 isoenzyme. 
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of 400 to 600 international units to between 2,000 and 6,000 units (Phase 2). At 
this time, tumour growth was still not measurable, and it was found that plasma 
LDH activity remained at a constant plateau level for several days (Phase 3). 
When growth of tumour mass became detectable, a second rapid rise in LDH 
activity occurred (Phase 4), with maximum levels of 40,000 units being observed. 
Finally, there was a fall in plasma LDH activity (Phase 5) just prior to the death 
of the animal. Mice treated with orthophenylenediamine, which caused regression 
of the tumour, were found to have lowered plasma LDH activity, but although 
some mice remained free of the tumour for several months, their plasma LDH 
level never returned completely to normal but remained at 4,000 to 6,000 units 
(RILEY and WROBLEWSKI, 1960). It was subsequently shown that the early tenfold 
rise in plasma LDH activity occurring within the first four days after tumour 
implantation could also be obtained if plasma from tumour-bearing mice were used 
as inoculum, and moreover that this capacity to increase plasma LDH activity 
was serially transmissible (RILEY, LILLY, HUERTO, and BARDELL, 1960). These 
studies established the viral nature of the early increase in plasma LDH activity, 
and made way for extensive studies on the nature of plasma enzyme elevation by 
this virus. 

B. Plasma Enzyme Levels in LDV Infected Mice 

Figure 4 shows the changes in plasma LDH activity occurring in the blood of 
mice following infection with LDV. From 24 to 72 hours following infection, enzyme 
activity rises approximately tenfold and remains elevated for at least one year, 
probably throughout the lifespan of the animal (ROWSON, ADAMS and SALAMAN, 
1963; GEORGII, 1962). Various workers have demonstrated that the rate at which 
plasma LDH activity rises following infection is to some extent dependent on the 
magnitude of the infecting dose (NOTKINS and SHOCHAT, 1963; RILEY, 1968b) 
(Fig. 5). The higher the infective dose, at least over the range 10 ID50 to 108 ID5o, 
the more rapid is the initial increase in enzyme activity. However, from 96 hours 
after infection, plasma LDH levels are similar in all mice whatever the initial dose 
injected (NOTKINS and SHOCHAT, 1963). Figure 4 shows that the appearance of 
virus in the circulation precedes the increase in plasma LDH activity in individual 

Table 12. Changes in Activity of Plasma Enzymes 

Authors 

PLAGEMANN, WATANABE and SWIM, 1962 

NOTKINS, GREENFIELD, MARSHALL and BANE, 1963 

MAHY, ROWSON, SALAMAN and PARR, 1964 

a + Significant elevation. 
b - No change. 
c NS Enzyme not studied. 

Enzymes 

LDH reD 

+++a +++ 
+++ +++ 
+++ NS 

MDH 

++ 
++ 
NS 
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mice, so that there is no obvious correlation between the two parameters. Never
theless, the fact that the rate of inerease in plasma LDH activity does depend on 
thesize of the virus inoculum supports the notion that there is a close link between 
the two parameters. 

RILEY (1968b) has published extensive studies in which the normal distribution 
of plasma LDH activities in uninfected and LDV infected mice were determined. 
These show that even when very large populations of mice are sampled, there is no 
overlap between the highest plasma LDH activities in normal uninfected mice and 
the lowest activities which can be observed in infected mice. The plasma LDH 
activities of normal mice are in fact very constant, and though it has been reported 
that there are minor strain-to-strain variations in mean LDH level (CRISPENS, 
1963c), these have not been found by others (RILEY, 1968b). The sex of mice does 
not influence plasma LDH activity, but age has some effect, as very young 
animals, from birth to approximately three weeks, have higher LDH levels than 
mice which have reached sexual maturity (RILEY, 1968b). 

Soon after the viral nature of the LDH-elevating agent had been established, a 
report appeared in which it was suggested that increases in plasma LDH activity 
were in no way confined to infections with LDV, but that mice infected with other 
viruses, namely Friend, polyoma, Newcastle disease, vaccinia and Columbia SK 
(encephalomyocarditis) viruses all possessed raised serum LDH levels (WENNER, 
MILLIAN, MrnAND, and GRACE, 1962). The increased enzyme activity was attribut
ed to erythrocyte destruction occurring in the blood of infected mice, with conse
quent release of LDH into the serum. In an attempt to confirm these results, MAIIY 
and his colleagues (MAHY, PARR, and ROWSON, 1963b; MARY, ROWSON, SALAMAN, 
and PARR, 1964) examined the levels of plasma LDH, as well as a number of other 
enzymes, in mice infected with Friend, Moloney mouse leukaemia viruses, polyoma, 
vaccinia, influenza A, lymphocytic choriomeningitis, and encephalomyocarditis 
viruses (Table 11). Provided the virus preparations were free from contamination 
with LDV (see above) none of these viruses, except encephalomyocarditis virus, 
caused any significant change in plasma enzyme levels. It was further shown that 
the enzyme changes induced by encephalomyocarditis virus, which caused exten
sive pathological changes and death within three days in infected mice, were of a 

after LDV Infection a8 St'udied by Variou8 Worker8 

Enzymes 

GR PHI I GOT ALD I GPD I G-6PD AKP 

++ ++ ++ 
I 

_b 

I - I 
-

I 
-

I 

- -

NSc ++ ++ -

I 
NS 

I 
NS - NS NS NS 

NS +++ ++ I - NS NS - I - + NS 

LDH = Lactate dehydrogenase; ICD = Isocitrate dehydrogenase; MDH = Malate 
dehydrogenase; GR = Glutathione reductase; PHI = Phosphohexose isomerase; 
GOT = Glutamic-oxaloacetic transaminase; ALD = Aldolase; GPD = Alpha-glycero
phosphate dehydrogenase; G-6PD = Glucose-6-phosphate dehydrogenase; AKP = 
Alkaline phosphatase; ACP = Acid phosphatase; GPT = Glutamic-pyruvic trans
aminase; LAP = Leucine aminopeptidase. 
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different type to those induced by LDV (Fig. 6), and were directly related to the 
severity of tissue damage. Thus, it seems reasonable to conclude that LDV retains 
a unique position in causing permanently raised LDH levels in the plasma of 
infected mice without significant tissue damage. 

Although the original recognition of LDV was due to its ability to increase 
the plasma LDH level of infected mice, it soon became evident that a number of 
other plasma enzymes were also affected (MARY, PARR, and ROWSON ,1963; N OTKINS, 
GREENFIELD, MARSHALL, and BANE, 1963; BAYERLE, GEORGII, and RICHARD, 1962; 
NOTKINS, 1963b;PLAGEMANN,WATANABE,andSWIM, 1962; MARY, ROWSON, SALA
MAN, and PARR, 1964). Table 12 lists the reported changes in plasma activity of various 
enzymes as studied by different workers. The most striking increases are observed in 
LDH, isocitrate dehydrogenase, and phosphohexose isomerase, all of which increase 
up to tenfold after infection. A number of other enzymes increase from two-to four
fold and these include malate dehydrogenase, aspartate transaminase (also known 
as glutamic-oxaloacetic transaminase), glutathione reductase and alanine trans
aminase (also known as glutamic pyruvic transaminase). Finally, no significant 
changes are observed following infection, in the plasma activities of aldolase, acid 
and alkaline phosphatase, leucine aminopeptidase, alpha-glycerophosphate de
hydrogenase, or glucose-6-phosphate dehydrogenase. 

The enzymes which are found to increase in activity in LDV infected mice 
cannot be grouped together on any obvious basis such as function, tissue localiza
tion, or molecular size, although all are probably of cytoplasmic origin (PLAGE
MANN, WATANABE, and SWIM. 1962), However, several of those enzymes which 
occur in the cytoplasmic cell fraction are not altered by LDV infection. 

c. Origin of Raised Plasma Enzyme Activities 

1. Increased Tissue Breakdown 

The plasma enzyme activities measured in normal animals are believed to 
represent breakdown products of effected cells. The observed activity presumably 
represents a balance between the rate at which enzyme proteins enter the plasma 
and the rate at which they are removed or become inactivated. In some pathologi
cal conditions, increases in enzyme activity in plasma can be ascribed to damage 
occurring in a particular cell type (WILKINSON, 1962), and many investigators 
therefore attempted to relate the particular pattern of raised plasma enzyme acti
vities found in LDV infection to a tissue in which the virus was purported to 
replicate. A possible clue was provided by the observation that only one of the 
five naturally occurring isoenzymes of LDH found in mouse plasma was signifi
cantly elevated following LDV infection (PLAGEMANN, GREGORY, SWIM, and 
CHAN, 1963; WARNOCK, 1964). This isoenzyme (LDH-V), the slowest migrating 
one, was found to occur in high concentration in mouse liver, spleen and erythro
cytes, and these organs were therefore implicated as possible sites of virus replica
tion. The moderate splenomegaly which was occasionally found in infected mice 
(RILEY, 1963b; POPE, 1963) coupled with a report that mouse spleen cells grown 
in vitro would support the replication of LDV (PLAGEMANN and SWIM, 1962), 
prompted a more careful examination of the role of the spleen in infected mice. 
However, no differences were found in plasma LDH level or plasma virus titre 
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between uninoculated intact and splenectomized mice, or between intact and 
splenectomized mice up to 16 days after LDV inoculation (Fig. 33) (ROWSON, 
MARy, and EVANS, 1963; RILEY, 1963c). 

No comparable studies have been reported concerning the role of the liver in 
pathogenesis, but in an attempt to demonstrate increased release of LDH from 
spleen or liver cells derived from LDV infected mice, ROWSON, MARy, and EVANS 
(1963) made trypsinized suspensions from adult spleen and liver and cultured 
these for up to six days at 37° C. The LDH activity of the culture fluids was deter
mined at intervals, but no significant differences were recorded in cultures prepared 
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Fig. 33. Plasma LDH activity following LDV infection in normal and splenectomized mice 

from infected mice compared to those prepared from normal mice of the same age 
and strain. No histological changes are demonstrable by light or electron microscopy 
in the liver, so it would seem unlikely that there can be much tissue damage with 
release of LDH. 

The possibility that the increase in plasma LDH might be due to erythrocyte 
destruction was studied by RILEY (1963d). He observed a slight depression in 
haematocrit, red blood cell count, and total haemoglobin in infected mice, and 
this was also found by BAILEY, STEARMAN, and CLOUGH (1963). A much more 
severe anaemia was observed when the virus was inoculated into splenectomized 
or tumour-bearing mice (RILEY, 1964; RILEY, HUERTO, LOVELESS, BARDELL, 
FITZMAURICE, and FORMAN, 1963), but in this case the anaemia was not due to 
LDV but to the presence of a Bartonella-like organism, Eperythrozoon coccoides 
(RILEY, 1968b). When such an anaemia was observed in infected mice, there was a 
dramatic rise in plasma LDH activity, showing that erythrocyte destruction can 
certainly induce an elevation in the activity of this plasma enzyme. Indeed, it 
was suggested at this time that the presence of eperythrozoon infection contributed 
to the early rise in plasma LDH occurring after inoculation of mice with trans
plantable tumour cells (ARISON, CASSARO, and SHONK, 1963). Careful studies by 
RILEY'S group (RILEY, 1964; RILEY, LOVELESS, and FITZMAURICE, 1964) estab
lished that most laboratory passages of eperythrozoon were already contaminated 
with LDV due to transfer in mice, and furthermore that eperythrozoon was present 
in some stocks of LDV. The eperythrozoon preparation was freed of LDV by 
passage in rats, in which the virus does not multiply, and the LDV was freed of 
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eperythrozoon by treatment of infected mice with the arsenical drug 2-amino-
4-arsenophenol hydrochloride (0.5 mg per mouse). When the two agents were 
injected separately into test mice they were found to have quite different effects 
on plasma LDH level. LDV induced a permanent rise in enzyme activity 48 hours 
after inoculation, whereas Eperythrozoon coccoides infection had a variable effect 
on plasma LDH activity, depending on the maximum titre attained during the 
infection and whether or not the host was splenectomized. By 10 to 14 days the 
enzyme activity had invariably returned to normal. LDV has a potentiating effect 
on the severity of the disease caused by Eperythrozoon coccoides (FITZMAURICE, 
RILEY, and SANTISTEBAN, 1972). 

That erythrocyte destruction is not the cause of the increased plasma enzyme 
activities in LDV infected mice was established by BAILEY, CLOUGH, and STEAR
MAN (1964a). They measured the enzyme content of erythrocytes, and calculated 
that 4.1 per cent haemolysis was necessary to account for the observed increase in 
plasma LDH of infected mice. They found, however, that the malate dehydrogenase 
content of erythrocytes was double that of LDH, and should have resulted in a 
2.5-fold increase in malate dehydrogenase in LDV infected mouse plasma: this 
was not observed (BAILEY, CLOUGH, and STEARMAN, 1964a). Similarly, the erythro
cyte content of glutamic-oxaloacetic transaminase should have raised the plasma 
activity by 2.3-fold, but no such increase was observed. Thus, neither spleen, 
liver nor erythrocytes can be the sole origin of the raised plasma enzyme activities. 

2. Increased Enzyme Synthesis 

Since no evidence of tissue damage likely to be the cause of increased plasma 
enzyme activity could be found, several investigators examined the hypothesis 
that LDV stimulates de novo synthesis of certain enzymes which are then released 
into the plasma (PLAGEMANN, WATANABE, and SWIM, 1962; BAILEY, S'l'EARMAN, 
and CLOUGH, 1963; WARNOCK, 1964; RILEY, FITZMAURICE, LOVELESS, KRYZAK, 
GALLAGHER, and SILER, 1965; RILEY, HUERTO, BARDELL, FITZMAURICE, and 
LOVELESS, 1963). 

The most complete study was made by PLAGEMANN and SWIM (1962), who 
measured the activities of three enzymes, lactate dehydrogenase, isocitrate de
hydrogenase and glutamic-pyruvate transaminase in the following tissues from 
normal and LDV infected mice: liver, kidney, heart, lung, skeletal muscle, spleen, 
erythrocytes and plasma. No increased enzyme activity was observed in any 
tissue from infected mice except plasma. BAILEY, STEARMAN, and CLOUGH (1963) 
measured LDH activities in all these tissues, and in brain, pancreas, submaxillary 
gland and thymus with the same negative results. WARNOCK (1964) made similar 
observations. 

It should be pointed out that although the replication of some viruses, notably 
those containing DNA as genetic material (KErn, 1968), is accompanied by syn
thesis of several new enzymes in infected cells, these are invariably associated with 
nucleic acid replication and not with cellular metabolic functions. It is not surpris
ing, therefore, that LDV is no exception to this general rule. At least seven differ
ent enzyme activities increase in plasma of LDV infected mice, and it seems unlikely 
that the de novo synthesis of all seven could be increased in a specific way by the 
Vlrus. 
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3. Changes in Enzyme Activity in Supernatants of Tissue Cultures Replicating LDV 

Increases in the activity of LDH and aspartate transaminase have been observ
ed in the medium of tissue cultures replicating a wide range of viruses including 
poliovirus (GEvAUDAN, GEVAUDAN, GAY, and ARNAUD, 1960) lymphocytic chorio
meningitis virus (GEvAuDAN,GAY,andARNAuD,1961) echovirus type12, Sendai virus 
(Gn..BERT, 1963) adenoviruses types 7 and 12 (Gll..BERT, 1963; LATNER, GARDNER, 
TURNER,andBROWN, 1964)andSemliki Forest virus (CASSELLS, 1973). In almost all 
cases where it has been studied, LDV was found to replicate in cell cultures in vitro 
without causing any cytopathic effect or increase in the LDH activity in the medium 
(GEORGII, THORN, and WRBA, 1966a; PLAGEMANN and SWIM, 1966a; DuBUYand 
JOHNSON, 1966; YAFFE, 1962aand b; ANDERSON, Rn..EY, FITZMAURICE, LOVELESS, 
WADE, and MOORE, 1966). There is a single report that in some circumstances LDV 
induces a cytopathic effect in mouse embryonic liver cell cultures, and in this case an 
increase in LDH activity of the culture medium is observed (FRANTSI and GREGORY, 
1969). Therefore for LDV, as other viruses (Gn..BERT, 1963), enzyme release from 
tissue cultures does not occur unless accompanied by cellular injury. There is no 
evidence from these studies that LDV replication is associated with increased 
synthesis or production of LDH or other metabolic enzymes, or with an increase 
in cell membrane permeability resulting in leakage of enzyme from the host cells. 

4. Impaired Enzyme Clearance from the Plasma of Infected Mice 

a) LDH Olearance in Normal and Infected Mice 
There is now a considerable body of evidence to indicate that the principal 

cause of increased plasma enzyme activity in LDV-infected mice is an impairment 
of reticuloendothelial function resulting in a decreased rate of elimination of 
certain enzymes from the blood. The hypothesis that impaired 'clearance' (removal 
from the blood) of LDH and other enzymes might be responsible for the observed 
changes in activity following LDV infection was first put forward in 1964 by MAHy, 
ROWSON, SALAMAN, and PARR. It was argued that if LDV impaired the plasma 
enzyme clearance mechanism, both the enzyme rises in infected mice and the 
synergic increases observed with some enzymes during growth of tumours could 
readily be understood. 

Earlier, WAKIM and FLEISHER (FLEISHER and WAKIM, 1963a and b; WAKIM 
and FLEISHER, 1963a and b) had reported that in dogs the rates of elimination of 
several different enzymes varied widely, but were characteristic for each enzyme 
protein. This suggested an explanation for the observation that only certain plasma 
enzymes were elevated by LDV, i.e. only those enzymes having similar rates of 
elimination might be influenced by infection. 

Studies were made in several laboratories on the rates of elimination of exogen
ous LDH from plasma of normal and LDV-infected mice, which soon established 
that infection did indeed result in impaired LDH clearance (MARY, 1964; NOTKINS 
and SCHEELE, 1964; BAll..EY, CLOUGH, and STEARMAN, 1964 b; CLOUGH and BAll..EY, 
1965; NOTKINS, 1965b; Rn..EY, LOVELESS, FITZMAURICE, and Sn..ER, 1965; MARY, 
ROWSON, and PARR, 1965). At the time these experiments were initiated, little 
was known of the factors determining clearance of enzymes from the blood in 
mice. In dogs, two distinct phases, fast then slow, of enzyme elimination were 

Virol. Monogr. 13 5 
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usually observed and in some cases a third rapid phase was noted (FLEISHER and 
WAKIM, 1963a and b). In no case could the elimination of enzyme be accounted 
for by urinary excretion, and splenectomy had no effect on clearance rates. It was 
also established that in dogs, clearance was a genuine removal of enzyme protein 
from the blood, and not a loss of enzyme activity as for example due to presence 
of inhibitors of the active site (WAKIM and FLEISHER, 1963a and b). 

This is important, since peptides capable of inhibiting both the M and H sub
units of human or rabbit muscle LDH (WILSON, KU'LAN, LEVINE, PESCE, REICH
LIN, and ALLISON, 1964; SALTHE, CHILSON and KAPLAN, 1965) have been isolated 
from human urine (WACKER and SCHOENENBERGER, 1966). Studies made in pigs 
(MASSARRAT, 1965), rabbits (SCHAPIRA, DREYFUS, and SCHAPIRA, 1962) sheep 
(BOYD, 1967a and b) and mice (MARy and WACHSMUTH, 1973), also established 
that enzyme clearance after intravenous injection was directly correlated with 
removal of enzyme protein from the blood. 

Fig. 34. Clearance of LDH from the plasma of an uninfected mouse, and a mouse which had been infected with 
LDV 10 days previously. 

Each mouse was injected with 18,000 IV intravenously. (From MARY, ROWSON, and PARR, 1967) 

Early studies on the disappearance of LDH activity from mouse blood after 
intravenous injection of rabbit muscle-derived enzyme showed that in mice, as 
in dogs, the clearance rate was biphasic (Fig. 34). Normal, uninfected mice elimi
nated all injected LDH from the plasma within 24 hours, and the disappearance 
rates could be analysed graphically by applying a biphasic exponential equation 
of the form: 

A = ale-A1t + a2e-)"t + A"" 
where A represents the plasma activity at any time (t), A"" represents the plasma 
activity of the steady state (prior to injection), and aI, a2, Al and 1.2 are essential 
arbitrary constants. A plot of loge (A-A",,) therefore yields two straight lines, 
with slopes corresponding to Al and 1'.2, slow and fast phases, respectively. In mice, 
as in dogs, there was occasionally a suggestion of a third, faster rate of clearance 
with constant 1.3, but this was not always observed (MARy, 1964). It is not clear 
what the three rate constants represent; a three-compartment catenary model, 
similar to models derived from studies of plasma protein turnover (KEKKI and 
EISALO, 1964) was suggested by FLEISHER and WAKIM (1963a) in explanation of 
their experimental observations. In this (Fig. 35) there are three interconnecting 
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Fig. 36. Clearance of LDH from the plasma after 
intravenous injection of 3,000 (e---.) or 7,000 
(0 - - - o)IU,respectively, into groups of normal mice. 
Each point represents a mean value obtained from 
four mice. Arrows show reinjection times. (From 

AlARY, ROWSON, and PARR, 1967) 
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Fig. 37. Clearance of LDH isoenzymes I and V after intravenous injection into normal mice or mice infected 7 to-
14 days previously with LDV. 

Each mouse received 1.5 to 2.0 x 10' IU of either LDH-I or LDH-V isoenzyme 
Each point represents the mean value obtained from two mice. In panel A the enzymes were as isolated. In panel B

they were acetylated so as to remove the charge mfference between them 
.---. LDH-I in uninfected mice, A---A LDH-V in uninfected mice, 0------0 LDH-I in infected mice,. 
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compartments, the plasma, lymph and interstitial fluid spaces, and elimination 
of enzyme is considered to occur in all three. The observed rate constants (AI, A2 
and A3) describe the final rates of elimination, which are related, but not identical 
to the actual rate constants (Kp, Ki, KI). This model provides one explanation 
for the experimental findings, but precise information as to the nature of the three 
compartments and their interrelationship is not available. Certainly it is practi
cable to analyse the clearance rates of enzymes injected into normal mice into only 
two phases, fast and slow. 

When analysed in this way, it is found that in LDV-infected mice the fast 
clearance phase is either greatly reduced, or not present at all (MARY, ROWSON, 
and PARR, 1967) (Fig. 34). Studies on the nature of the fast clearance phase of 
rabbit muscle LDH showed that it could not be blocked by repeated injections of 
enzyme at two and four hours after the initial dose (MARY, ROWSON, and PARR, 
1967) (Fig. 36). Later studies in which very high doses (up to 200,000 units) of 
mouse-derived LDH were injected into mice confirmed this earlier finding (Fig. 37) 
(MARy and WACHSMUTH, 1973). Evidence was obtained, however, to suggest that 
injected enzyme is cleared at the fast rate only down to a critical plasma level, 
about 800 IU per litre, suggesting that the switch from fast to slow clearance 
involves some kind of threshold mechanism. 

Studies on LDH clearance from normal mouse plasma were also made by 
BAILEY, CLOUGH, and STEARMAN (1964 a and b) and NOTKINS and SCHEELE (1964) 
but these authors did not attempt detailed analysis of their results. In some experi
ments, clearance was followed after intraperitoneal injections of LDH: this leads 
to a complex interaction where the plasma LDH level is changing due to influx 
from the peritoneal cavity as well as efflux from the blood. Nevertheless, in each 
case where it was studied, LDV infection decreased the apparent clearance of 
injected LDH (BAILEY, CLOUGH, and STEARMAN, 1964b; MARY, 1964; NOTKINS 
and SCHEELE, 1964; RILEY, LOVELESS, FITZMAURICE, and SILER, 1965). 

RILEY, LOVELESS, FITZMAURICE, and SILER (1965) argued that it was best 
to ignore the early biphasic period of LDH clearance, on the grounds that second
ary extra-vascular diffusion compartments were irrelevant to the long term clear
ance process. In so doing, they failed to demonstrate the absence of the fast 
clearance phase in LDV-infected mice. Since the virus affects the slow clearance 
phase only slightly, they concluded that the degree of LDH elevation observed 
in infected mouse plasma could not be entirely accounted for by impaired enzyme 
clearance (RILEY, LOVELESS, FITZMAURICE, and SILER, 1965; RILEY, 1968b). It 
seems likely that in discarding the carly plasma enzyme readings, these authors 
missed the essential observation that in LDV-infected mice the fast clearance phase 
is greatly reduced or absent. This can only be studied at high exogenous LDH 
inputs where the fast clearance mechanism is saturated with respect to enzyme. 
When the fast clearance phase is taken into account, the impairment in LDV
infected mice can wholly account for the observed rises in plasma LDH activity. 

For example, in the analysis applied by RILEY, LOVELESS, FITZMAURICE, and SILER 
(1965) the enzyme level (E) at any time, (t), is given by: 

(E-Eoo) = (Eo-Eoo)e-Ct 

in which the equilibrium level E 00 = I/C 
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where E is the activity at time t, Eoo the steady state activity, I the rate of influx 
and C the clearance coefficient. The latter is calculated from 

loge 2 0.693 
C= rrr = 'i.'t 

where Tt is the time required to reduce the enzyme elevation level (E-E (0) by one half. 

The rate of influx, I, is given by: 

I=CEoo 

Whilst the absolute values of the clearance coefficient and influx rates are dependent 
on their true nature (model dependent) their ratios are not therefore: 

II Cl E001 

12 = C2 X Eoos 

where E002 is the steady.state plasma activity of infected mice and 12 the influx. 

Applying this equation to an actual example (data are those used in MARY, 1964, 
Table 1): 

Uninfected 
Infected 3 days 

Mean plasma LDH 
activity (4 mice) 

360 
2000 

Half-time of inject
ed LDH (hours) 

1.3±0.2 
8.0±1.0 

II 0.534 360 192 
12 = 0.087 X 2000 = 174 =1.1 

Clearance 
Coefficient 

0.534 
0.087 

The enzyme influx is not increased, and if anything is less in the infected mice. 
Similar results were obtained on working out LDH half-times at different periods 
after infection. 

Five isoenzymes of LDH can be separated by electrophoresis. These isoenzymes 
are tetramers composed of different proportions of two monomers. CARN, KAPLAN, 
LEVINE, and ZWILLING (1962) called the monomers Hand M, and the tetramers 
H4, H3M, H2M2, HIM3 and M4 (LDH-I to LDH-V). 

Studies by PLAGEMANN, GREGORY, SWIM, and CHAN (1963) and WARNOCK 
(1964) demonstrated that in plasma of LDV-infected mice the slowest migrating 
isoenzyme, LDH-V was greatly increased whereas the fastest migrating, LDH-I 
was not affected. It was therefore of interest to determine whether impaired clear
ance of intravenously injected LDH was specific for the LDH-V isoenzyme. 
Previous studies had employed rabbit muscle-derived enzyme (MARY, 1964); this 
consisted primarily of LDH-V. 

When the rates of clearance of LDH-I and LDH-V were measured in normal 
and LDV-infected mice, two conclusions were reached (MARY and ROWSON, 1965). 
First, the clearance of LDH-I was very much slower than that of LDH-V in normal 
mice. Second, LDV-infection caused a dramatic decrease in clearance rate of 
LDH-V without significantly affecting that of LDH-I. In their experiments the 
LDH-I was derived from pig heart, and the LDH-V from rabbit muscle. The 
validity of comparing clearance rates of heterologous enzymes is not certain, but in 
subsequent experiments (MARy and WACHSMUTH, unpublished) essentially the 
same results were obtained when homologous mouse-derived LDH isoenzymes 
were injected into mice. The difference in clearance rate between the two iso
enzymes appears to be a general phenomenon, since BOYD (1967 a and b) obtained 
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a similar result when measuring the disappearance of sheep-derived LDH-I and V 
isoenzymes from the plasma of normal sheep. For other enzymes, too, wide differ
ences in clearance rates of isoenzymes have been reported, e.g. glutamic-oxaloacetic 
(aspartate) transaminase (FLEISHER and WAKIM, 1963 b) and asparaginase 
(BROOME, 1965). 

Further studies on the clearance rates of LDH isoenzymes in mice were made 
using all five types derived from pig tissue, (MARY and WACHSMUTH, 1973; 
WACHSMUTH and KLmGMUELLER, 1973). The rate of clearance of each isoenzyme in 
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Fig. 38. Clearance rates of LDR isoenzymes from the 
plasma of normal mice. 

The half life of each isoenzyme (LDR-I, R4; LDR-III, 
R2M2 and LDR-V, M4) is plotted against electro
phoretic mobility (e). Values for acetylated LDR iso
enzymes with intermediate electrophoretic mobilities 

are also plotted (0) 
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Fig. 39. Effect of acetylation of lysine residues in 
LDR-V (M4) upon the clearance rate from the plasma 

of normal mice 

normal mice was directly correlated with the charge on the enzyme molecule,LDH-V 
being cleared at the fastest rate, and LDH-I at the slowest (Fig. 37, 38). The charge 
on LDH-V is contributed mainly by possession of twelve lysine residues in excess 
over LDH-I. When the LDH-V molecule was progressively acetylated to remove 
the lysine charge, the rate of clearance of the enzyme was correlated with the 
number of acetylated lysine residues (Fig. 39). When seven lysine residues were 
acetylated, the clearance rate of LDH-V became equal to that of LDH-1. 

The results led to the conclusion that the charge on the LDH molecule is 
primarily responsible for the fast phase of enzyme clearance. This was confirmed 
using antibodies directed against the enzyme active site and specific for either 
LDH-I or LDH-V (WACHSMUTH, unpublished). LDH-V molecules which had 
been neutralized by acetylation of the lysine residues and were cleared at the 
slowest rate, as LDH-I, still reacted specifically with anti-LDH-V sera and were 
not neutralized by anti-LDH-I sera. 

In mice infected with LDV, all isoenzymes of LDH were cleared at the same 
rate, i. e. that of LDH-I (MARY and WACHSMUTH, 1973). 
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b) Clearance of Enzymes other than LDH in LDV-Infected Mice 

The plasma enzyme changes induced by LDV are quite specific and the plasma 
activities of several other enzymes, particularly isocitrate dehydrogenase and 
phosphohexose isomerase, are elevated by 8-10-fold in infected mice. On the 
other hand, some enzymes such as aldolase and alanine transaminase are unaffect
ed. Studies on clearance of six enzymes other than LDH have been reported for 
infected and uninfected mice (see Table 13). The level of activity in the plasma 
of two of the enzymes (alanine transaminase and alkaline phosphatase) are not 
altered by LDV infection, two (aspartate transaminase and malate dehydrogenase) 
are increased about two-fold and two (isocitrate dehydrogenase and phospho
glucose isomerase) are grossly elevated. When the clearance of each of these enzymes 

Table 13. Clearance of Enzymes other than LDH from Plasma of LDV Infected Mice 

I 
Relative Source of 

I 
Relative b 

I 
Enzymes plasma injected enzyme clearance Authors 

activity' rate 

Alanine 1.0 Pig heart 1.0 MARy, ROWSON and 
transaminase PARR (1967) 

Alkaline 1.0 Calf intestine 1.0 N OTKINS and SCHEELE 
phosphatase (1964) 

Aspartate 2.0 Mouse 0.5 BAILEY, CLOUGH and 
transaminase erythrocytes STEARMAN (1964 b) 

Isocitrate 6.0 Pig heart Decreasedc N OTKINS and SCHEELE 
dehydrogenase (1964) 

Malate 2.0 Mouse 0.6 BAILEY, CLOUGH and 
dehydrogenase erythrocytes STEARMAN (1964 b) 

Phosphoglucose 10.0 Yeast 0.1 MARY, ROWSON and 
isomerase PARR (1967) 

a Expressed relative to the activity (1.0) in normal mouse plasma. 
b Expressed relative to the clearance rate (1.0) in normal mice. 
c Exact value not given. 

was studied, there was a close correlation between the percent reduction in 
clearance rate and the degree of plasma elevation (Table 13). NOTKINS and SCHEELE 
(1964) also studied the activities of a number of enzymes in plasma of mice follow
ing liver damage by carbon tetrachloride, which effectively increased the endogen
ous influx. In normal mice the activities of LDH, isocitrate dehydrogenase and 
malate dehydrogenase rose to very high levels after carbon tetrachloride treat
ment, but returned to normal quite rapidly. In LDV-infected animal., the return 
to normal was much slower and substantial enzyme elevation persisted for several 
days longer. Clearly this type of experiment is hard to interpret as the result 
depends upon a complex interaction between the degree of liver damage (which 
may be a site of virus replication) and the ability of macrophages to clear the 
damaged cells from the circulation. But the experiment demonstrates that any 
disease state, infection, or chemical intoxication, that results in a release of endogen
ous enzymes into the circulation, may have a greater effect on LDV-infected than 
on normal mice. 
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The very large (synergistic) increases in plasma enzyme levels seen in LDV
infected tumour-bearing mice (NOTKINS and GREENFIELD, 1962a and b; RILEY, 
1961, 1962a) can be adequately explained on this basis. There is considerable 
evidence that the amount of LDH entering the circulation is much higher in 
tumour-bearing than in normal mice (BURGESS and SYLVEN, 1963; JACOBSON and 
NIsmo, 1963; RILEY, 1963b). The increase in endogenous enzyme influx in 
tumour-bearing mice may cause only slight enzyme elevation if clearance is 
normal, but after LDV-infection the decrease in enzyme clearance would lead to 
accumulation of endogenous enzymes. NOTKINS (1965a) reported that enzyme 
clearance in tumour-bearing mice was normal, and he also presents evidence that 
the height of enzyme elevation in tumour-bearing mice infected with LDV was 
related to the degree of enzyme influx. Enzymes which increase in plasma of 
tumour-bearing mice, when clearance is not affected by LDV, (e.g. aldolase) do 
not increase synergistically in tumour-bearing animals (MARy, ROWSON, SALAMA-N, 
and PARR, 1964). 

c) Interaction of LDV with the Reticuloendothelial System 

It is clear from the previous section that LDV infection causes an impairment 
of the clearance of enzymes from the circulation. This alone adequately explains 
the increase in plasma LDH and other enzymes which are observed in infected 
mice. The greater response of SJL mice to LDV infection appears to result from 
their greater sensitivity to blockade of enzyme clearance by the virus (CRISPENS, 
1971). 

One factor which has been implicated in the clearance of enzymes from the 
circulation is the reticuloendothelial system. Evidence was presented by WAKIM 
and FLEISHER (1963 a and b) that blockage or stimulation of the reticuloendothelial 
system by zymosan or carbon inhibited or accelerated enzyme clearance in dogs. 

A number of murine viruses affect reticuloendothelial system function (GLED
mLL, BILBEY, and NIVEN, 1965; Mrns, 1965), and it seemed likely LDV might 
also affect the reticuloendothelial system (MARy, ROWSON, SALAMAN, and PARR, 
1964). 

The function of the reticuloendothelial system is normally assessed by following 
the rate of disappearance of carbon (usually Pelikan ink, Giinther Wagner, Han
nover) from the circulation after intravenous injection (HALPERN, BIOZZI, NICOL, 
and BILBEY, 1957; NICOL and BILBEY, 1957). 

The blood carbon level can conveniently be measured optically following dilu
tion into alkali (NICOL and BILBEY, 1957). Normal mice clear 90 per cent of the 
carbon from the circulation within 30 minutes, and by taking blood optical density 
readings at 2 to 5 minute intervals after injection the rate of clearance, and hence 
the phagocytic index (K) can be calculated. 

The first report on reticuloendothelial system function in LDV infection was by 
BAILEY, STEARMAN, and CLOUGH (1963). No difference in carbon clearance was 
noted in LDV infected compared to normal mice, but the period for which the 
mice had been infected was not stated. More detailed studies (MARy, 1964; N OTKINS 
and SCHEELE, 1964) showed that reticuloendothelial system function was depressed 
by LDV, but only during the first three days after infection (during the height of 
the viraemia) after which clearance of carbon returned to normal. This differs from 
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the pattern observed for LDH clearance (Fig. 40), which does not alter until 2 days 
after infection and thereafter remains depressed. This result does not implicate 
the reticuloendothelial system in impaired enzyme clearance but it is possible that 
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Fig. 40. Effect of LDV infection on the rate of carbon clearance (left) and LDH clearance (right) from the blood 
at different times after injection 

carbon clearance and enzyme clearance may be handled in very different ways 
and even by different cells (NOTKINS, 1965a). Virus infection might still inhibit 
phagocytosis of enzymes by parts of the reticuloendothelial system not concerned 
with carbon clearance. 

Table 14. Effect of Variou8 Treatment8 on Rate of Oarbon 
Olearance in Mice 

Treatment Time after treatment Effect 

Carbon 1--4 hours Reduced 

Cholesterol oleate 1--48 hours Reduced 

Thorotrast 1--48 hours Reduced 

Zymosan 1--4 hours Reduced 

Endotoxin 2--4 days Stimulated 

Stilboestrol 1 week Stimulated 

Zymosan 24--48 hours Stimulated 

This problem was further investigated by analysing the action of various 
reticuloendothelial blocking and stimulating agents on plasma enzyme levels in 
mice (MARy, ROWSON, PARR, and SALAMAN, 1965). The substances used, and their 
effects on the reticuloendothelial system are summarized in Table 14. It was found 
that in all cases where reticuloendothelial functions were blocked (as measured 
by the carbon phagocytic index), certain plasma enzyme levels increased in the 
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plasma. These enzymes were only those affected by LDV infection. Figures 41 
and 42 show the effect of LDV and cholesterol oleate, respectively, on the plasma 
levels of four enzymes. After LDV infection or cholesterol oleate, lactate dehydro-
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Fig. 41. Changes in plasma lactic dehydrogenase (LDH) alanine transaminase (ALT), ph03phoglnoo3e isomerase 
(PGl) and aldolase (ALD) levels in mice up to 10 days after infection with lactic dehydrogenase virus. Each point 

represents a mean value obtained from 3 to 6 mice. (From MAHY, ROWSON, PARR and SALHlAN, 1965) 
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Fig. 42. Changes in plasma lactic dehydrogenase (LDH) alanine transaminase (ALT), phosphoglucose isomerase 
(PGl) and aldolase (ALD) levels in mice up to 10 da~'s after an intravenons injection of 100 mg/IOO g body weight 

cf cholesterol oleate emulsion in 1 per cent Tween 20. 
Each point represents a mean value obtained from 5 mice except the values for day O. which were obtained from 

10 mice. (From MAHY, ROWSON, PARR, and SALA>!AN, 1965) 

genase and phosphoglucose isomerase activities increased but aldolase and 
alanine transaminase activities did not change. The increases in plasma enzyme 
levels produced by cholesterol oleate or thorotrast were temporary, in contrast 
to the effects of LDV. Figures 43 and 44 show the effect of thorotrast and cholesterol 
oleate, potent blocking agents, on plasma LDH activity in normal and LDV-infect
ed mice. 
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In contrast to the effects of the blocking agents, stilboestrol, which stimulates 
reticuloendothelial system function (NICOL, BILBEY, CORDINGLEY, and DRUCE, 
1961) reduced plasma LDH activity even in LDV-infected mice (Figs. 45 and 46) 
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Fig, 43, Changes in plasma LDH level in groups of mice injected intraperitoueally with either 0.4 ml of normal 
saline on day 0 (e----e), 0.4 mI of normal saline on day 0 followed by 0.5 ml of LDV 18 hours later 
(""----""), 0.4 m! of thorotrast on day 0 (0 - - - 0) or 0.4 ml of thorotrast on day 0 followed by 0.5 mI LDV 

18 haUl's later (.6. - - - .6.). 
Each point represents a mean value obtained from 3 to 6 mice. (From MARY, ROWSON, PARR, and S.UHIAN, 1965) 
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Fig. 44. Plasma LDH levels in uninfected mice and LDV infected mice (14 days previously) following an 
intravenous injection of cholesterol oleate, 100 mg/lOO g body weight, as an emulsion in 1 per cent Tween 20. 
Each point represents a mean value obtained from 4 mice. (From MARY, ROWSON, PARR, and S.U"'IA", 1965) 

(MARY, ROWSON, PARR, and SALAMAN, 1965), These experiments provided 
considerable circumstantial evidence that the reticuloendothelial system is 
involved in plasma enzyme regulation, but the possibility remained that the 
observed effects were due to non-specific toxic action of the substances used. 
Later studies confirmed that alterations in enzyme clearance were responsible 
for the effects observed (MARY, ROWSON, and PARR, 1967). Both cholesterol oleate 
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Fig. 45. Changes in plasma LDH levels in groups of mice pretreated with arachis oil (e-_), pretreated with 
arachis oil and injected with 1 ml LDV on day 0 (A--A) pretreated with stilboestrol (0 - - - 0), and 

pretreated with stilboestrol and injected with 1 ml LDV on day 0 (A - - - A). 
Pretreatment consisted of six daily subcutaneous injections of 0.1 ml arachis oil or 0.1 stilboestrol in 0.1 ml arachis 
oil, commencing 1 week before virus injection. Each point represents a mean value obtained from 3 or 4 mice. (From 

MARY, ROWSON, PARR, and SALAMAN, 1965) 
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Fig. 46. Plasma LDH levels in uninfected mice and LDV (RV) infected mice (7 to 14 days previously), following 
a single subcutaneous injection of stilboestrol (0.1 mg in 0.1 ml arachis oil) or during a course of 6 such injections, 

given on days 0 to 5. 
Each point represents a mean value obtained from 4 to 6 mice. (From MARY, ROWSON, PARR, and SALAMAN,1965) 

and carbon, which impaired the function of the reticuloendothelial system assessed 
by carbon clearance, decreased the clearance of LDH from the circulation (Fig. 47). 
Stilboestrol treatment accelerated LDH clearance (Fig. 48). Oestradiol, another 
substance which stimulates the reticuloendothelial system, was reported to 
accelerate clearance of asparaginase in mice (BROOME, 1965). 
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These studies implicate the reticuloendothelial system in the clearance of LDH 
and some other enzymes from the plasma of mice. Coupled with evidence discussed 
elsewhere (p. 45) that the site of replication of LDV is probably in cells of the 
reticuloendothelial system, they support the notion that the primary pathological 
lesion in infected mice is an inhibition of enzyme clearance by reticuloendothelial 
cells. 
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Fig. 47. Clearance of LDH from the plasma after in· 
jection of 1500 IU intravenonsly into normal mice 
(_0) and mice injected 24 hours previously with 

cholesterol oleate (0----0). 
Each point represents a mean value obtained from 

4 mice. (From MARY. ROWSON, and PARR, 1967) 
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Fig. 48. Clearance of LDH from the plasma after 
injection of 21,000 IU intravenously into groups of 
normal mice (0--0) and mice injected 2 days 

previously with stilboestrol (0----0). 
Each point represents a mean value obtained from 

3 mice. (From MARY, ROWSON, and PARR, 1967) 

It is not yet clear why only certain enzymes are affected by LDV. The correla
tion which is found, amongst those enzymes studied, between LDV and substances 
causing reticuloendothelial blockade, would suggest that enzymes such as aldolase 
and alkaline phosphatase are handled by different cells of the reticuloendothelial 
system than LDV. The most informative study using LDH isoenzymes, suggests 
two quite different rates of clearance for LDH-I and LDH-V at high exogenous 
inputs (MARY and WACHSMUTH, 1973), but below levels of loge (A--Aoo) of 6.0, 
LDH-V is cleared at the same rate as LDH-I. Probably two systems exist for 
clearance of plasma enzymes, which at least in the case of LDH appear to be 
charge-dependent. Cells of the fast clearance system, blocked by LDV infection, 
would take up only those enzymes and other particles having a particular confor
mation or charge. The nature of the interaction between LDV and these cells, whjch 
leads to their malfunction in infected mice, is at present unknown. 
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D. Immunological Response 

The prolonged viraemia in LDV infected mice suggested that neutralizing 
antibodies were not being formed or that they were for some reason ineffective in 
terminating the viraemia. Various theories were postulated to explain the apparent 
failure of LDV to stimulate antibody production. It was suggested (see review 
by N OTKINS, 1965 a) that the virus was a poor antigen, perhaps because it had a lipid 
outer coat or an outer coat derived from the cell membrane. Another theory 
was that antibody formation was being prevented, possibly by multiplication of the 
virus in macrophages which are thought to playa role in initiating antibody pro
duction (UNANUE, 1972). LDV is known to replicate in peritoneal macrophages 
and it was argued that the presence of the virus in these cells could adversely 
affect the immunological response of the host. Alternatively, it was hypothesised 
that the constant outpouring of viral antigen in chronically infected animals might 
produce a state of immunological tolerance. 

Table 15. LDV Neutralizing Aotivity of 
Pooled Plasma from Mice 19 Weeks after 

Infeotion 

Residual virus Infectivity 
(lOglO ID,. per ml) 

In plasma virus mixtures' 
Hours at 37° C 

Plasmab from 

Normal mice Infected mice 

0 4.5 4.5 

i 2.5 

1 3.8 1.8 

3 4.5 1.5 

6 3.8 0.5 

9 3.5 0.5 

a The final plasma concentration in the mixture was 1: 10. Both plasma and virus 
were diluted in Hanks' saline containing 20 per cent broth. 

b Both plasma samples were heated at 58° C for 1 hour. 

Eventually, however, the reason for the prolonged viraemia and the failure 
of simple neutralization tests to demonstrate the presence of antibodies was shown 
to be that a small proportion of the virus particles which combine with antibody 
are not neutralized but are in some way protected from neutralization on further 
exposure to antibody. To demonstrate LDV neutralizing antibodies it is necessary 
to measure the reduction in virus titre when a virus preparation is incubated with 
antiserum at 37° C. Using this method, neutralizing antibodies were readily 
demonstrated in the sera of immunized rabbits (BAILEY, CLOUGH, LOHAUS, and 
WRIGHT, 1965), and of chronically infected mice (RoWSON, MARy, and BENDINELLI, 
1966; NOTKINS, MAHAR, SCHEELE, and GOFFMAN, 1966; NOTKINS, 1966a and 
c). Before testing the sera of LDV infected mice for antibodies it is necessary to 
inactivate the virus which is always present in the plasma of infected mice. This 
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can be done by heating at 58° C for one hour (RowsoN, MAHY, and BENDINELLI, 
1966) or by exposure to ether or UV-irradiation (NOTKINS, MA1I.AR, SCHEELE, 
and GOFFMAN, 1966). Table 15 shows the results of a neutralization test in which 
samples of pooled plasma from normal mice and from mice injected with LDV 
nineteen weeks previously were mixed with virus from mice infected for 24 hours. 
The mixtures were incubated at 37° C and titrated for residual virus at intervals 
up to nine hours. The incubation caused some loss of infectivity but the difference 
in virus titre between the mixtures clearly shows that the plasma from the chronic
ally infected animals had considerable neutralizing activity. However, even after 
nine hours incubation neutralization was not complete. That the observed 
neutralizing activity was not due to an interfering effect of the inactivated virus 
has been shown in two ways. One was to remove the virus by filtration through 
a Gradocol membrane of average pore diameter 62 nm and observe that the neutral
izing activity was not lost (ROWSON, MARy, and BENDINELLI, 1966). The other 
was to perform the neutralization test using a large amount of test virus which 
would not be neutralized to a titre below the titre of virus in the test serum. The 
serum from chronically infected mice contains only about 104 ID50 per ml and 
when such serum was added to a virus preparation containing 107.7 ID50 per ml 
and incubated at 37° C, the titre was reduced by more than 90 per cent (NOTKINS, 
MA1I.AR, SCHEELE, and GOFFMAN, 1966). 

When the plasma from LDV-infected mice was tested at intervals after virus 
injection, neutralizing activity was first detected after 34 days and was present 
for at least 31 weeks (ROWSON, MARY, and BENDINELLI, 1966; NOTKINS, MA1I.AR, 
SCHEELE, and GOFFMAN, 1966). Using the more sensitive technique of indirect 
immunofluorescence, PORTER, PORTER, and DEERHAKE (1969) were able to detect 
the presence of LDV antibodies as early as 6 days after infection. The serum dilu
tion giving positive staining rose slowly from 1: 10 at 6 days to 1: 320 by the 28th 
day of infection. In a titration of the neutralizing activity in plasma from mice 
48 days after infection using twofold dilutions of plasma and a constant dose of 
virus, the neutralizing activity did not fall until the final dilution of plasma was 
greater than 1 :80 (ROWSON, MAHY, and BENDINELLI, 1966). 

The fact that neutralizing activity is present in the plasma in the later stages 
of infection but not in the early stages is compatible with its being due to the 
presence of antibodies. Further support for this was that the neutralizing activity 
was specific for the LDH virus. No action could be demonstrated against encephalo
myocarditis virus (ROWSON, MARy, and BENDINELLI, 1966). The neutralizing 
activity was stable at -55° C for one month and on dialysis against physiological 
saline, but there was a considerable loss of activity on heating at 56° C for thirty 
minutes (NOTKINS, MARAR, SCHEELE, and GOFFMAN, 1966). However, added 
mouse complement did not improve the neutralizing activity of antisera (RowsoN, 
unpublished data). Pre-treatment of mouse antisera with goat antimouse gamma 
globulin caused a substantial loss of activity (NoTKINs, MAHAR, SCHEELE, and 
GOFFMAN, 1966). 

Although in a neutralization test 99 per cent of the virus infectivity can be 
neutralized, a considerable amount of infectivity remains. The fact that the 
neutralizing activity remains constant on serum dilution up to 1 : 80 suggests that 
the cause is not a deficiency of antibody. This view is supported by an experiment 
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in which fresh virus was added to a virus-antiserum mixture in which 99 per cent 
of the original virus had been neutralized. After further incubation, 99 per cent of 
the added virus was also neutralized, showing that an excess of antibody was 
present in the original mixture (NOTKINS, l\fAHAR, SCHEELE, and GOFFMAN, 1966). 

In acutely infected mice, 99 per cent of the LDV infectivity could be neutralized, 
but as the infection progressed the proportion of neutralizable virus became less, 
and in mice forty-eight days after infection none of the circulating virus could be 
neutralized (ROWSON, MARy, and BENDINELLI, 1966). This is not surprising as 
virus and antibody are circulating together. The presence of unneutralizable virus 
in the plasma of chronically infected mice and the failure to neutralize all the 
infectivity in the plasma of acutely infected mice with antiserum can be explained 
in several ways. One, and the most likely, is that of some of the virus particles 
become covered with a neutralization-inhibiting factor, probably an immuno
globulin. A second is that a small proportion of the virus particles is released into 
the plasma in some form resistant to neutralization, perhaps owing to a coating 
of host cell membrane. A third possibility is that the susceptible and resistant 
viruses are antigenically different, but, if this is so it is then necessary to explain 
why antibodies are not formed to both antigenic types. 

That the first explanation was in fact probably the correct one was shown by 
NOTKINS, MAHAR, SCHEELE and GOFFMAN (1966). They found that goat anti
mouse sera or anti-mouse gamma globulin would reduce the titre of virus which 
had resisted neutralization by antiserum, but that goat anti-human gamma globulin 
was without effect. They also showed that virus sensitized to neutralization by 
anti-mouse serum appeared in the plasma of mice infected with LDV at about 
the same time as neutralizing antibody appeared. In experiments on the neutrali
zation of infective herpes simplex virus antibody complexes with anti-gamma 
globulin similar results have been reported (ASHE and NOTKINS, 1966; NOTKINS, 
1968 and 1971 b). In further experiments NOTKINS, MAGE, ASHE, and MAHAR, 
(1968) found that when sensitized LDV and goat anti-mouse serum were mixed 
at 4 0 C most of the viral infectivity was lost within one minute, and that further 
incubation at 40 or 37 0 C had very little effect on the residual infectivity. An 
excess of mouse globulin or mouse serum in the sensitized virus preparations 
inhibited the neutralization of the sensitized virus by the anti-mouse serum, but 
the presence of free mouse globulin was not the reason for the failure to obtain 
complete neutralization as dilution of the sensitized virus to reduce the concentra
tion of mouse serum to less than 1 per cent did not result in complete neutraliza
tion. Possible causes for the failure of anti-mouse globulin to neutralize all the 
infectivity in the sensitized virus preparations are: 1. the anti-viral antibody may 
dissociate from the virion leaving unsensitized virus which would not be suscep
tible to the action of anti-globulin, 2. the location of the antiviral antibody on the 
virion may be such that the anti-globulin would not cover sites critical for viral 
infectivity, 3. a certain percentage of the antiviral immunoglobulin used to 
sensitize the virus may be of a class unreactive with the particular anti-mouse 
globulin used, 4. heterogeneity of the anti-globulin population may result in less 
effective molecules blocking more effective molecules from combining with the 
sensitized virus, 5. some of the globulin on the virus may dissociate from it 
especially in t'ivo an<i leave infective virus. At present there is insufficient data 
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to· decide which of these possibilities is responsible for the persistence of 
infectivity. 

The neutralization of sensitized virus depends on the specificity of the anti
immunoglobulin. Anti-IgG and anti-IgE consistently neutralized sensitized virus, 
anti-IgA was less effective and anti-IgM had no effect (NOTKINS, MAGE, ASHE, 
and M:AHAR, 1968). The sensitivity of the method makes interpretation difficult. 
It may be that neutralization of sensitized virus byanti-IgG, IgE or IgA indicates 
that there are several classes of imrnuno-globulin on the sensitized virus, or it 
may be due to cross-reacting antibody in the supposedly pure antibodies. 

Viraemia is a common feature in the early stages of many virus infections, 
but in most of them it is transitory and terminated by the appearance of neutral
izing antibodies in the plasma. The occurrence of persistent viraemia in association 
with virus neutralizing antibodies is an unusual feature and LDV therefore presents 
a very interesting system for study. If on the surface of the virus there are attach
ment sites for antibody molecules some of which are critical and some noncritical, 
then attachment of antibody to the critical sites would result in neutralization of 
infectivity while attachment to the noncritical sites would not result in neutrali-. 
zation but might prevent further antibody molecules attaching to the critical 
sites. Anti-mouse gamma globulin could attach to the antibody molecules and this 
second layer of molecules could neutralize the viral infectivity. Whether or not 
the same antibodies are involved in neutralization and in blocking neutralization 
has not been determined. 

Agglutination of virus particles by antiserum is one way in which the infective 
titre can be reduced, but NOTKINS, MAGE, ASHE, and M:AHAR (1968) have shown 
that the infectivity of sensitized virus can be reduced by the nonprecipitating 
univalent Fab fragment of goat anti-mouse gamma globulin. However, the Fab 
fragment is less effective than the divalent gamma globulin, which could be due 
to the smaller size of the molecule. Further evidence against virus agglutination 
as the mechanism of partial neutralization is that the percentage of sensitized virus 
neutralized bydivalentanti.mouse serum is independent of the concentration of virus. 

It has been suggested that the plasma of LDV-infected mice contains infective 
virus particles with different physical properties. The majority of the virus parti
cles is sedimentable on centrifugation, but there is a small fraction which is not 
deposited at 105,OOOg in two hours. The virus which remains in the supernatant 
resists inactivation at 50° C in the presence of magnesium chloride, whereas the 
resuspended virus pellet contains a high proportion of virus inactivated under these 
conditions (CRISPENS, 1964c). Between four and six weeks after infection, the 
proportion of sedimentable, magnesium chloride-sensitive virus falls, and after 
six weeks all the infective virus is of the non-sedimentable magnesium chloride
resistant type (STARK, and CRISPENS, 1965). The close correlation between the 
titres of non-neutralizable and of non-sedimentable magnesium-chloride resistant 
virus at various stages of the infection is striking and suggests that combination 
with antibody may alter the properties of the virus. 

1. Thymectomy in LDV Infection 

The role of the thymus in the immune response has been extensively studied and 
it is known that thymectomy soon after birth impairs the ability of mice to 
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produce antibodies. If antibody formation plays a part in controlling infection 
with LDV, a more severe infection would be expected in thymectomized mice, 
and CRISPENS (1966b) found that mice thymectomized and infected with LDV 
as newborn animals had, when five weeks old, a slightly higher virus titre in their 
serum than similarly infected but non-thymectomized mice. The virus titre was 
raised by less than tenfold but the LDH activity in the plasma was two to four 
times higher as compared with the control mice. Thymectomy when one or two 
weeks old had a very much reduced effect, but even in the animals thymectomized 
when two weeks old there was a slight potentiating effect on the raised plasma 
LDH level due to LDV infection. The raised LDH level in LDV infected mice is 
mainly due to blockade of the reticuloendothelial system (see p. 65). The more 
severe infection in thymectomized mice might cause a greater degree of blocking 
of enzyme clearance, but CRISPENS (1966b) was unable to demonstrate any differ
ence between the rates of clearance of injected mouse LDH in intact and thymecto
mized LDV-infected mice. The problems involved in measuring LDH clearance at 
different plasma levels are discussed on page 68, but it is likely that CRISPENS' 
clearance tests would not detect the minor change in LDH clearance required to 
produce the observed effect. 

LDV infection had an interesting effect on the survival of mice thymectomized 
at birth (CRISPENS and REY, 1967). Of eleven mice thymectomized but not 
infected, none survived for twenty weeks; but of forty-two thymectomized and 
injected with virus, five survived for twenty weeks. 

2. Effect of LDV Infection on hnmune Response to Various Antigenic Stimuli 

An increased level of gamma globulin has been observed in LDV infected mice 
(NOTKINS, MERGENHAGEN, RIZZO, SCHEELE, and WALDMANN, 1966; NOTKINS, 
1966 b). In order to simplify the study of gamma globulin levels in vi'tus
infected animals, NOTKINS and his colleagues used gnotobiotic mice. Such animals 

Table 16. Titer of y-Globulin in Germfree Mouse Sera after Injection of LDV 

Titer' of y-globulin in mouse sera b 

Time after injection -
(days) 

Injected with LDV Injected with normal 

I Noninjected 
mouse plasma 

1 <16 NDc ND 

2 <16 ND ND 

3 <16 ND ND 

4 <16 ND ND 

6 32 <16 <16 

10 256 <16 <16 

20 512 16 <16 

a Reciprocal of highest dilution of mouse sera giving a precipitate 'with goat anti· 
mouse y-globulin. 

b Pooled sera from groups of 4 to 5 mice. 
eND, not done. 

(From NOTKINS, MERGENHAGEN, RIZZO, SCHEELE, and WALD~,[ANN, 1969.) 
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have a low level of gamma globulin and on infection with LDV a slight rise was 
observed after six days. A more marked rise was present after ten and twenty days 
(see Table 16). Virus inactivated by heat, ether or ultraviolet light caused no rise 
in gamma globulin. H the raised gamma globulin were due to antibody it might 
have been expected to occur in response to the inactivated virus. This, and the 
fact that the clearance of certain plasma enzymes from the plasma in LDV-infected 
mice is impaired, suggested that the raised gamma globulin level might be due 
to a failure to clear it from the plasma. However, labelled mouse gamma globulin 
injected into norma] and LDV infected mice was cleared at the same rate. It 
seems likely that the antigenic stimulus of the inactivated virus was insufficient 
and that the observed gamma globulin was in fact antibody to LDV. 
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Fig. 49. Catabolism of human y·globulin (1311 labelled) in infected and uninfected mice. Each point represents thc 
average of 4 mice. (From NOTKINS, MERGENHAGEN, RIZZO, SCHEELE, and WALDMANN, 1966) 

When the rate of clearance of labelled human gamma globulin was followed 
in normal and LDV-infected mice, the rate of clearance as shown in Figure 49 
was at first the same but after five days the LDV infected mice began to clear 
the gamma globulin at a much faster rate than the uninfected mice. The sudden 
increase in rate suggested that the infected animals were developing an immune 
response more rapidly than the normal mice. When the immune response to 
human gamma globulin was measured at nine days after injection, 87 per cent 
of LDV infected mice had responded but only 4.7 per cent of the uninfected mice. 
The adjuvant action of LDV was effective in mice which had been infected 
for sixty days but the virus had little effect given 24 hours after the gamma 
globulin and none when given two or six days after (NOTKINS, MERGENHAGEN, 
RIZZO, SCHEELE, and WALDMANN, 1966). The adjuvant action of LDV appears 
to be most marked when given 24 hours before the human gamma globulin, and 
the effect seems to be mainly an increase in IgM antibody (OLDSTONE, TISHON, 
and CmLLER, 1974). 

6* 
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Although the LDV acts as an adjuvant to antibody formation against 
gamma globulin, it does not affect the production of antibodies against sheep red 
blood cells (CRISPENS, 1968; SALAMAN and WEDDERBURN, 1966) keyhole limpet 
haemocyanin, or goat red blood cells (OLDSTONE, TrSHON, and CHILLER, 1974). 

As well as acting as an adjuvant in antibody production to injected gamma 
globulin, infection with LDV changed the response of mice to an injection of 
unaggregated gamma globulin. Adult mice injected intraperitoneally with gamma 
globulin which has been freed from aggregates develop immunologica'! tolerance 
to the gamma globulin, instead of producing antibodies. The aggregates can be 
removed from a gamma globulin preparation by centrifugation at 105,000g for 
two hours or by 'biological filtration', which consists in the intravenous injection 
of the gamma globulin into mice and the use of their plasma containing the gamma 
globulin after twenty-four hours as aggregate-free material. 

MERGENHAGEN, NOTKINs, and DOUGHERTY (1967) injected normal and LDV 
infected mice with aggregate-free human gamma globulin, and after twelve days 
gave them an injection of human gamma globulin in complete Freund's adjuvant. 
Seven days later they tested the mice for the presence of antibodies by injecting 
1311 labelled human gamma globulin and measuring the rate of elimination by 
whole body radioactivity counting. None of the ten uninfected mice eliminated 
90 per cent of the labelled protein in four days, whereas nine of the ten LDV 
infected mice did, indicating that they had produced antibodies. Thus LDV 
can prevent the development of tolerance to a soluble antigen. 

The adjuvant action of LDV on antibody production to uncentrifuged gamma 
globulin could be demonstrated in chronically infected mice, but it was only in the 
acutely infected mice that the prevention of tolerance was seen. In mice injected 
with virus ten days previously, tolerance developed normally to an injection of 
unaggregated gamma globulin. The injection of virus ten days after a tolerogenic 
stimulus did not break the tolerance. 

The way in which LDV works is not clear, but to prove that it was not due to 
the presence of endotoxin in the virus preparation, the virus and an endotoxin 
preparation were heated for thirty minutes at 80° C or exposed to UV-irradiation, 
and their ability to prevent tolerance developing tested. The treatment resulted 
in the loss of viral infectivity and ability of the virus to prevent induction of 
tolerance, whereas the action of the endotoxin was not inactivated. 

It is interesting that LDV converts a tolerogenic stimulus into an immunogenic 
one only in the acute stage of infection. It is during this stage that carbon clear
ance is blocked, and it may be that there is a sudden disturbance of macrophage 
function. The virus probably replicates in these cells and soon after infection all 
the available cells will be infected, whereas later in the infection some balance will 
be established, and the rate of infection of new cells perhaps reduced. 

The adjuvant action of LDV in chronically infected animals may be related to 
the stimulation of the formation of germinal centres which NOTKINs, MERGEN
HAGEN, RIZZO, SCHEELE, and WALDMANN (1966) described in gnotobiotic mice. 
In these animals the splenic white pulp consisted of densely packed, evenly 
distributed small lymphocytes and was essentially free of germinal centres. The 
red pulp contained no plasma cells. The cortical nodules of the lymph nodes were 
almost exclusively of the primary type, and consisted of closely packed small 
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lymphocytes. In LDV-infected mice the spleen and lymph nodes were grossly 
enlarged. Histologically, the most striking alteration was the development of 
classical germinal centres, appearing as circular areas of pale-staining cells sur
rounded by a band of more darkly staining lymphocytes. Within the centres were 
large macrophages with cytoplasmic tingible bodies, mitotic figures, and typical 
'blast' cells with large, slightly eccentric nuclei and basophilic cytoplasm. Mature 
plasma cells, however, were not observed. The germinal centres appeared within 
six days after infection but were more advanced and widespread by day 10. At 
20 days the splemic white pulp had been obliterated almost completely by the 
development of germinal centres, and the enveloping collar of small lymphocytes 
had either disappeared or was very thin. Similarly, the cortical nodules of the 
lymph nodes contained large germinal centres and the surrounding lymphocytic 
band was thin and frequently incomplete. 

Certain viral infections cause depression of the immune response (SALAMAN, 
1969 and 1970; DENT, 1972; NOTKINS, MERGENHAGEN and HOWARD, 1970). The 
production of antibodies is reduced and where it has been tested the cellular 
immune response is also depressed. Infection with LDV enhances humoral anti
body formation in mice to a soluble protein antigen but in certain cellular immune 
reactions, skin allograft rejection and the graft-versus-host reaction, it depresses 
the immune reaction (HOWARD, NOTKINS, and MERGENHAGEN, 1969). Skin allo
grafts from C3H donors onto Balb/c hosts survived 9.6 days in the absence of 
LDV, while in mice injected with the virus 1 or 6 days before skin grafting, the 
survival time was 12.4 and 11.7 days, respectively. A similar increase in survival 
was observed when the virus was injected one day after grafting but given after 
four or six days there was no appreciable effect. The graft-versus-host reaction 
used by HOWARD, NOTKINS, and MERGENHAGEN (1969) consisted in injecting 
Fl hybrid mice when eight days old with spleen cells from one of the parent 
strains and measuring the spleen weight of the recipients after eight days. If 
the recipient Fl mice were infected with LDV from three to seven days before 
the injection of spleen cells, there was a significant reduction in the spleen 
weight as compared with similarly treated but uninfected control mice. The 
virus has little effect when given only one day before the spleen cells, and no 
effect if given to the donor mice one or six days before their cells were injected 
into uninfected Fl recipients. Thus the action of the virus appears to be on the
recipients rather than on the donors. 

If cytophilic antibody plays an important role in allograft rejection, LDV, 
which replicates in macrophages, may alter their ability to react with antibody 
and inhibit allograft rejection. In the graft-versus-host reaction a similar process, 
may be taking place to protect the host cells. Alternatively, the macrophages may 
be altered by combination with antiviral antibodies as occurs in cells infected by 
some other viruses (BRIER, WOHLENBERG, ROSENTHAL, MAGE, and NOTKINS, 1971). 

Another experimental situation in which LDV infection reduces the immune 
response is in New Zealand (NZ) mice. A proportion of NZB and NZW mice"develop 
auto-antibodies to nuclear antigen and red blood cells, and eventually 'develop 
immune-complex glomerulonephritis and autoimmune haemolytic anaemia. 
Infection with LDV reduces the development of antibodies and the incidence of 
autoimmune disease. Normally, in NZW mice the incidence of antibodies to· 
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nuclear antigen increases with age, but OLD STONE and DIXON (1972) found that 
in NZW mice infected with LDV when three months old there was no subsequent 
increase in the proportion of mice with these antibodies. In NZB X WF1 hybrid 
mice which have a higher incidence of antibodies and more severe disease, LDV 
infection did not make any significant difference to the incidence of antibodies but 
in the LDV-infected male and female (NZB X W)Fl mice there was only a fifth to 
a quarter as much antibody as in the control uninfected mice. Of all the NZ mice, 
(NZB X W)Fl females have the severest immune complex glomerulonephritis, 

Number 
of mice 

6 

12 

12 

12 

Table 17. Effect of LD V on Contact Sensitivity to Picryl Chloride 

Treatment Sensitized with 

- -

- Picryl chloride 
7 per cent 

LDV -1 day Picryl chloride 
7 per cent 

LDV -7 days Picryl chloride 
7 per cent 

Contact seusitivity' 
(mean ± S. D.) 

2.4± 1.1 

26.1±8.0 

20.7±8.0 

} 
21.2±6.8 

pb 

<0.05 

a Expressed as increase of ear thickness 24 hours after challenge in units (1 lmit = 

10-3 em). 
b Significance of difference between the infected groups and the uninfected group. 

(From ASHERSON and BENDINELLI, 1969.) 

72 per cent having died by the age of nine months. Infection with LDV when four 
weeks old reduced the mortality to 12 per cent and even when infection was delay
ed to ten weeks of age the mortality at nine months was only 44 per cent (OLD
STONE and DIXON, 1972). It seems likely that LDV acts directly on the immuno
logical system, but it is conceivable that there is a raised plasma level of DNase 
in the plasma of LDV-infected mice which may rapidly degrade the DNA which 
is stimulating the abnormal response (OLDSTONE and DIXON, 1972). 

Infection with LDV appears to have little if any effect on the initiation or 
growth rate of most tumours (GEORGI! and THORN, 1965) but it has been reported 
that there is an increased rate of growth of Ehrlich mouse carcinoma cells in mice 
infected with LDV (BAILEY, CLOUGH, and LOHAus, 1965) and LDV has been 
shown to enhance the oncogenicity of mouse sarcoma virus (TURNER, EBERT, 
BASSIN, SPAHN, and CHIRIGOS, 1970). The development of leukaemia in Friend 
virus-infected mice is not affected by LDV but it does enhance spleen focus forma
tion by Friend virus. These effects could be the result of depressed cell-mediated 
immunity. In contrast to these observations, RILEY (1966a) reported a decreased 
incidence of mammary tumours and CRISPENS (1970c) a decreased incidence of 
leukaemia in mice infected with LDV. The protective effect of LDV is difficult 
to explain but could be due to several factors. 

Another aspect of cell-mediated immunity which is depressed by LDV infec
tion is contact sensitivity. Mice can be sensitized to picryl chloride by one applica-
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tion of an alcoholic solution of picryl chloride to the abdominal skin, and sensitiza
tion tested for by painting the ears with picryl chloride in olive oil. The thickness 
of the ear is measured 24 hours after challenge. Using this procedure LDV injected 
24 hours or 7 days before skin sensitization with picryl chloride depressed contact 
sensitivity (ASHERSON and BENDINELLI, 1969; BENDINELLI and ASHERSON, 1971) 
(see Table 17). 

E. Tumour Growth 

LDV has been found in association with over 50 different transplantable mouse 
tumours (RILEY, 1968b) and it is generally thought that this is due to chance 
contamination, but it has been suggested by STANSLY (1965) and CRISPENS (1966c 
and 1970 b) as an alternative explanation that the growth of tumour tissue may acti
vate a latent LDV carried by some mice. CRISPENS induced fibrosarcomas in C3H/Fg 
mice by a single subcutaneous injection of 0.125 mg of methylcholanthrene in 0.2 ml 
of sesame oil and transplanted the tumours serially in groups of 3 or more mice. At 
each passage the tumours were tested for the presence of infective LDV. No virus 
could be demonstrated in 14 primary tumours but virus could be isolated from 
three tumours after the 3rd, 10th and 8th transplant generations, respectively. 
These results could be explained on the basis of accidental contamination, but all 
the animals were pretested for the virus and sterile procedures employed at all 
times. The possibility that LDV can be carried in a latent form deserves further 
study but must at present be regarded as unproved. 

Infection with LDV may increase or decrease the growth rate of transplanted 
tumours. Soon after infection tumour growth is increased but in chronically infect
ed mice it is decreased (MICHAELIDES and SCHLESINGER, 1974). Transplantable 
mouse tumours and leukaeinias can be freed of LDV by passage in another 
species such as the rat (RILEY, 1968b) or by a period in tissue culture (BAILEY, 
CLOUGH, and LOHAus, 1965). Most mouse tumours will survive in newborn rats 
or immunodepressed adults for 10 days by when the LDV will have disappeared. 
In tissue cultures the virus will die out after a similar interval (GEORGII and 
BRDICZKA, 1964) even if a feeder layer of mouse embryo tissue is present. The 
possibility that in such cell cultures the LDV has entered an eclipse phase has 
been suggested by RILEY (1971). In preliminary experiments he was able to 
obtain infective virus from a Rauscher virus-induced cell line which had lost 
the LDV on tissue culture passage by injecting culture fluid into mice treated 
with immunosuppressants. However, when more strict techniques were used 
to prevent accidental infection with LDV he was unable to reproduce these 
results (RILEY, 1974 personal communication). The immunosuppressants he 
used were total body X-irradiation, cortisone acetate (100 mg/kg), asparaginase 
(5,000 IU /kg) or anti-lymphocyte serum. Using two lines of Ehrlich mouse 
carcinoma cells, one freed of infective LDV by passage in tissue culture and 
the other contaminated with the virus, BAILEY, CLOUGH, and LOHAUS (1965) 
noticed that the tumour cells free of virus did not cause such rapid abdominal 
distension on intraperitoneal injection as the virus contaminated cells. The acceler
ated growth rate was observed when LDV contaminated cells were injected into 
normal mice and when virus-free cells were injected into mice infected with the 
virus 4 days previously. Unfortunately in view of the extremely high rate of 
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replication of LDV it is not possible to conclude from this observation whether its 
action is on the tumour cells or the host. 

RILEY (1963b) observed a similar acceleration of tumour growth when he added 
LDV to a virus-free methyl cholanthrene-induced tumour but in subsequent 
studies he found that the tumour growth rate sometimes appeared to be inhibited 
by the added virus and he came to the conclusion that LDV did not have a repro
ducible or predictable influence on the growth rate (RILEY, 1968b). PLAGEMANN 
and SWIM (1963 and 1966b) were also unable to demonstrate any difference in 
growth rate when virus-free tumours were grown in normal or LDV infected mice. 
They used sarcoma 180 and hepatomas 129 and 134, which they had freed of virus 
by passage in vitro. 

The reason for the somewhat conflicting reports on the effect of infection with 
LDVon the growth of transplantable tumours may be that the virus has a weak 
effect seen only when a small number of cells are injected and that the action of 
the virus is to increase tumour growth soon after infection but to decrease it in 
chronically infected mice. MICHAELIDES and SCHLESINGER (1974) injected different 
doses of the plasmacytoma MOPC-315 subcutaneously into uninfected mice and 
mice infected 24 hours previously with LDV. When they injected 4 X 105 tumour 
cells, tumours appeared more rapidly and more mice developed tumours in the 
LDV-infected than in the control group (100 per cent at 22 days compared with 
25 per cent at 36 days for the control group). When they used mice infected with 
LDV 3 weeks previously, tumours appeared later and in fewer mice than in the 
control group. Mice infected for 5 months with LDV showed no difference from 
the control mice in their susceptibility to tumour cell growth. 

A number of both oncogenic and non-oncogenic viruses have been shown to 
influence the development of tumours induced by' other viruses and non-viral 
carcinogens (ROE and ROWSON, 1968). LDV has an action on the reticulo
endothelial system which has a role in the development of tumours (OLD, BENA
CERRAF, CLARKE, CARSWELL, and STOCKERT, 1961) and so it could well be expected 
to have an effect on tumour incidence and growth. However, LDV has not 
been found to have any influence on the development of spontaneous tumours 
with the exception of "spontaneous" mammary tumours and possibly leukaemia. 
RILEY (1966a) compared the incidence of mammary carcinoma developing in two 
groups of non-parous CsH/HeJ mice, one free of LDV and the other injected with 
the virus when 56 days old. The mice were observed for about 18 months, and in 
that time there was a 90 per cent incidence of mammary tumours in the controls, 
in contrast to a 53 per cent incidence in the virus injected mice. The time required 
for 50 per cent of the LDV-infected.animals to produce tumours was 484 days as 
compared with 353 days for the control group. There was no observable difference 
in body weight between the control and infected mice during the period before 
tumour development. Similar results were obtained using CsH X I females, 
although the protective effect of LDV was less striking in these nonparous 
Fl mice, but this may have been because the virus was not injected until 
the mice were from 150 to 177 days old (RILEY, 1968 b). Intensive breeding of 
CsHeJ mice lessened the ultimate protective effect of LDV observed in the non
parous animals, the final tumour incidence being 100 per cent in both infected 
and control animals. However, even with intensive breeding there was a significant 
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difference in the time at which tumours appeared. When the mice were 294 days 
old, the tumour incidence was 83 per cent in LDV-free mice, compared with 
36 per cent in the infected mice. The median latent period to tumour development 
was 310 days in the infected animals and 267 days in the controls. CRISPENS (1970 c) 
followed 120 CaHjFg mice injected with LDV as newborns and 71 control mice 
similarly injected with Eagle's basal medium. The leukaemia incidence was 49 per 
cent in the controls and 38 per cent in the infected mice. The difference was mainly 
due to a marked decrease in the incidence of leukaemia among the LDV-injected 
males (controls 75 per cent, LDV-infected 42 per cent). The mean latent period for 
the control mice was 367 days and for the virus infected mice 442 days. Infection 
with LDV is reported to reduce the severity of the leukocytic response to Friend 
virus infection (RILEY, LOVELESS, FrrZMAURICE, SMULLYAN, and FISCHER, 1967). 
The importance of using LDV-free stock in experiments on mammary tumour and 
leukaemia development is obvious, and a failure to appreciate this in the past 
may account for some of the discrepancies reported in the literature. 

LDV has been shown to have no effect on the development of leukaemia in mice 
injected with Moloney leukaemia virus when 3 to 4 days old (ROWSON, ADAMS, 
and SALAMAN, 1963). The incidence and latent period were unaffected, no matter 
whether the virus was given two days before, at the same time, or two days 
after the leukaemia virus. LDV is also reported not to influence the development 
of leukaemia following X-irradiation (RILEY, 1968b). Although LDV does not 
affect the development of leukaemia, it does enhance spleen focus formation by 
Friend virus if injected intravenously 2 days before the Friend virus. Injected 
5 days before or at the same time as the Friend virus it causes no enhancement 
(STEEVES, MIRAND, THOMSON, and AVILA, 1969). RILEY and FITZMAURICE (1973) 
found that on passage in vitro a line of (Rauscher leukaemia virus produced) cells, 
which had previously been highly leukaemogenic, became free of LDV and lost 
the ability to produce typical Rauscher leukaemia readily although they con
tinued to produce Rauscher virus. When mice inoculated with this poorly leu
kaemogenic material were injected with LDV they rapidly developed leukaemia. 
It seems that under certain conditions LDV can increase the leukaemogenic 
potential of certain viruses but it is likely that its action is to depress cell-mediated 
immunity rather than to aid cell transformation. 

LDV has also been shown to enhance the oncogenicity of both the Harvey 
and Moloney strains of murine sarcoma virus (MSV) (TURNER, EBERT, BASSIN, 
SPAHN, and CmRIGos, 1970). Adult mice inoculated with LDV 3 days before in
oculation with MSV showed substantially increased tumour incidence, reduced 
frequency of tumour regression and reduced median survival time as compared 
to control animals give MSV alone. When the two viruses were injected at the 
same time, LDV showed no enhancement of MSV infection. Tumour extracts 
from mice inoculated with MSV alone showed no focus-forming and tumour
inducing activity whereas extracts of tumours from dually infected mice contained 
focus-forming and tumour-inducing activity. The mechanism by which LDV 
potentiates the activity of MSV is not clear but may be related to the depression 
of cell-mediated immunity by LDV (HOWARD, NOTKINS, and MERGENHAGEN, 
1969). There is no evidence for a change in the genome of the MSV extracted from 
the tumours of thc dually infected mice; the virus behaves in the same way as the 
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stock MSV being more potent in mice previously infected with LDV than in LDV
free animals. 

The development of primary tumours following the injection of 1 mg of 
20 methylcholanthrene into DBAj2 mice was unaffected by an injection of LDV 
given at the same time (RILEY, 1968b). 

LDV appears to have little if any effect on the initiation or development of 
most tumours, but it has a very marked potentiating effect on the plasma enzyme 
changes produced by tumours (GEORGll, THORN, and WRBA, 1966b; ADAMS, 
ROWSON, and SALAMAN, 1961; MARy, ROWSON, SALAMAN, and PARR, 1964; 
NOTKINS, 1965a; EBERT, CHIRIGOS, FIELDS, and ELLSWORTH, 1967). This syn
ergistic effect almost certainly results from blocking of the normal plasma enzyme 
clearing system (see p. 65), and not from any direct action of the virus on the 
tumour cells. The very high plasma enzyme levels in LDV-infected tumour
bearing mice do not, in most cases, adversely affect tumour growth. However, 
some tumour cells, unable to synthesize asparagine and dependent on an exterior 
source of this amino acid, are inhibited by the injection of L. asparaginase. In 
mice, the clearance of injected L. asparaginase from the plasma is reduced by 
infection with LDV and the therapeutic effect of the enzyme is considerably 
improved (RILEY, CAMPBELL, and STOCK, 1970; RILEY, 1969 and 1970; RILEY, 
SPECKMAN, FITZMAURICE, and LULHAM, 1970; SPECKMAN, RILEY, and TESCHNER, 
1970; RILEY, SPECKMAN, FITZMAURICE, ROBERTS, HOLCENBERG, and DOLOWY, 
1974). Using EARAD-I leukaemia cells freed of LDV by passage in tissue 
culture as the test tumour, an injection of 100 1. U. of EC-2 L. asparaginase on the 
seventh or ninth day after tumour inoculation had no effect on the incidence or 
time of death from leukaemia. However, if LDV was injected on the fourth day 
after tumour inoculation, a similar dose of asparaginase reduced the number of 
deaths by day 40 from 100 per cent to 5 per cent (RILEY, 1968a). Attention was 
drawn to the role of LDV in asparaginase therapy by the paradoxical finding that 
the enzyme was more effective when administered against tumour cells implanted 
7 days previously than when given 1 hour after the tumour cells (OLD, IRITANI, 
STOCKERT, BOYSE, and CAMPBELL, 1968). In the latter case, most of the enzyme 
would be eliminated from the plasma prior to blocking of enzyme clearance by 
the LDH virus, which was present in most of the mouse tumours used in experi
ments, showing the therapeutic value of asparaginase (RILEY, CAMPBELL, and 
STOCK, 1970). That tumours reduced the clearance of asparaginase was noted 
by BROOME (1968) who presumably did not appreciate that it was due to the LDH 
virus [see also BOYD and PHILLIPS (1971) and PHILLIPS and BOYD (1969)]. 
The changes in plasma amino acid levels following an injection of asparaginase are 
not confined to asparagine and glutamine but in the LDV-free mouse the changes 
are very small. However, in LDV-infected animals the secondary effects of 
asparaginase are potentiated and may be of importance in suppressing tumour 
growth (RILEY, SPECKMAN, and FITZMAURICE 1970a and band 1971; SPECKMAN 
and RILEY, 1971; RILEY, SPECKMAN, FITZMAURICE, ROBERTS, HOLCENBERG, and 
DOLOWAY, 1972 and SPECKMAN and RILEY, 1972). 

The clearance of LDH isoenzymes is dependent on charge (see p. 70), and it is 
interesting to speculate that an alteration in the charge on the asparaginase 
molecule might also lead to a decrease in clearance rate from the plasma. If this 
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could be accomplished, the potential value of asparaginase therapy for an aspara
gine-dependent tumom might be greatly enhanced. 

F. Histological Changes 

The only macroscopic changes demonstrable in mice after infection with LDV 
are an increase in spleen weight, lymphoid hyperplasia and a slight transitory fall 
in thymus weight (SANTISTEBAN, RILEY, and FrTZMAURICE, 1972; RILEY, HUERTO, 

Table 18. Spleen Weight in GrOttpS of 5 BALBjc 
Mice at Different Times after Infection with LDV 

Time after Spleen weight mg ± standard deviation 
injection of LDV 

(days) U ninfected mice Infected with LDV 

7 90±17 156±20 

14 118±8 141±11 

21 106±7 167±59 

LILLY, BARDELL, LOVELESS, and FITZMAURICE, 1961; RILEY, 1964; PROFFITT 
and CONGDON, 1970; PROFFITT, CONGDON, and TYNDALL, 1972; SNODGRASS, 
LOWREY, and HANNA, 1972). Table 18 shows the mean spleen weight in groups of 
5 BALB/c female mice at weekly intervals after the intravenous injection of LDV. 
The degree of splenomegaly produced by the virus is slight but significant when 
compared with the control animals. Of the 15 infected mice in Table 18 only one 
had a spleen weighing over 200 mg. POPE and ROWE (1964) examined 20 mice 
one month after virus inoculation and found 5 with spleens weighing over 200 mg. 
NOTKINS (1965a) found only 21 of 55 infected mice with spleens weighing 30 per 
cent more than normal. He observed that the splenomegaly occurred within 72 hours 
of infection and persisted for at least a month. It was the increase in spleen size 
which led POPE (1963) to recognize the presence of the WID strain of LDV in 
the mice he had injected with material from wild mice. He did not weigh the 
spleens of his mice but assessed their size by the product of their length and breadth. 
It is thus difficult to compare his results with spleen weights given by other 
workers. 

The fall in thymus weight commences within 24 homs of injection of LDV and 
is linear with time for the first 96 hours (SANTISTEBAN, RILEY, and FITZMAURICE, 
1972). The maximum effect is seen on day 3 or 4 when the thymus has lost 30 to 
40 per cent of its mass. By day 8 the thymus weight has returned to a level above 
that of the controls (PROFFITT and CONGDON, 1970). 

The increase in spleen weight is evident within 24 hours of infection but the 
increase in lymph node mass is more gradual and not clearly significant until the 
third day. Few typical germinal centres are seen until day 16 after infection. 

The histological changes in LDV-infected mice are not dramatic in spite of 
the rapid virus replication taking place, and for some years routine histological 
examination of the tissues from LDV-infected mice failed to reveal any change 
associated with the infection in lungs, spleen, thymus, brain, heart, kidneys or 
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liver (BAILEY, CLOUGH, and STEARMAN, 1964a; GEORGIT, KROTH, and BAYERLE, 
1962). However, there is splenomegaly and lymph node enlargement in LDV 
infected mice, and more detailed study of the lymphoid tissue has revealed certain 
interesting changes. There is hyperplasia of the germinal centres and a reduction 
in the numbers of lymphocytes in the thymus-dependent areas (PROFFITT, CONG
DON, and TYNDALL, 1972; SNODGRASS, LOWREY, and HANNA, 1972). There is 
congestion with erythrocytes and numerous erythropoietic foci in the red pulp 
of the spleen and this appears to be the major factor causing the early increase 
in spleen weight (SNODGRASS, LOWREY, and HANNA, 1972). 

The germinal centre hyperplasia is most marked in gnotobiotic mice because 
of their lack of germinal centres before infection (NoTKINs, MERGENHAGEN, RIZZO, 
SCHEELE, and WALDMANN, 1966). The germinal centres are cellular compartments 
in the lymphatic tissue and the functions attributed to them include antigen 
trapping, immunocyte proliferation and antibody production (CONGDON, 1969). 
C-type leukaemia virus particles tend to concentrate along the surfaces of the 
membrane infoldings of dendritic reticular cells (antigen-retaining cells) in the 
germinal centres. LDVaiso appears to accumulate on the membrane infoldings 
in the same way (Fig. 16). Six hours after the injection of LDV, SNODGRASS and 
HANNA (1970) found many virus particles in close intercellular association with 
phagocytic reticular cells in the marginal zone. Intercellular virus particles were 
frequently aligned along the plasmalemma of their cells, as if associated with 
receptor sites. Only a few particles were seen within single membrane-bound intra
cellular vesicles and only complete virus particles were seen. Small extravesicular 
particles were not detected in the cytoplasm of these macrophages. The number 
of virus particles in the marginal zone decreased after 24 hours and by 4 days 
from the time of infection only a few particles could be found. 

The thymic-dependent areas of lymphatic tissue are those areas which are 
depleted of lymphocytes in mice thymectomized at birth. In these areas following 
injection of LDV there was necrosis of cells observable after 24 hours but most 
marked after 48 hours. The reticulum became prominent and many macrophages 
containing debris were present. Four days after infection the nuclear debris had 
been cleared and only a few macrophages were present, there was no remaining 
evidence of cell death or of repopulation to the preinfection status. Virus particles 
did not appear in the thymic-dependent area surrounding the central artery as 
early as in the marginal zone. They were most numerous 2 days after infection 
and were localized intercellularly, associated with phagocytic cells which were 
morphologically the same as those in the marginal zone (HANNA, SZAKAL, and 
TYNDALL, 1970; HANNA, WALBURG, TYNDALL, and SNODGRASS, 1970; PROFFITT, 
CONGDON, and TYNDALL, 1972). 

The role of the adrenals in the pathology of LDV infection has been investigated 
by SANTISTEBAN and his colleagues (SANTISTEBAN, RILEY, and FrrZMAURICE, 1972; 
SANTISTEBAN, RILEY, and WILLHIGHT, 1970; SPECKMAN, RILEY, SANTISTEBAN, 
KIRK, and BREDBERG, 1974). They found that adrenalectomy before infection 
with LDV prevents the involution of the thymus observed in intact controls, 
whereas the increase in spleen and lymph node weight is greater (Figs. 50 
and 51). The more marked splenomegaly in the infected adrenalectomized 
mice is compatible with the two types of change taking place - atrophy of the 
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thymic-dependent areas prevented by adrenalectO'my and hypertrophy of the 
germinal centres which is not affected. SANTISTEBAN, RILEY, and FITZMAURICE 

(1972) hypothesize that the virus increases the level O'f the circulating adrenal 
cortical hormones which causes the thymic invO'lutiO'n and necrosis in the thymic-
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Fig. 50. Thymus weight of intact and adrenalectomized mice at 24, 48 and 96 hours following injection of LDV. 
(From SANTISTERAN, RnEY, and F,TZMAURICE, 1972) 
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Fig. 51. Spleen and lymph node weights of intact and adrenalectomized mice at 24, 48 and 96 hours following 
injection of LDV. (From SANTISTERAN, RILEY, and FITZMAURICE, 1972) 

dependent areas of the spleen. SubjectiO'n of animals to stress is knO'Wll to cause 
invO'lution O'f the thymus and this can be prevented by adrenalectO'my. That the 
effect of the LDV injection was nO't simply due to the manipulatiO'n, is clear frO'm 
the finding that sham-injected intact animals showed nO' thymic invO'lution. How 
the virus acts to' increase the adrenal function has nO't been investigated, but virus 
replication as judged by the level O'f viraemia is not affected by adrenalectomy 
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(SANTISTEBAN, RILEY, and FITZMAURICE, 1972). SNODGRASS, LOWREY, and 
HANNA (1972), in contrast to SANTISTEBAN and his colleagues, did not find that 
adrenalectomy prevented the fall in thymic weight following infection with LDV 
(Fig. 52). In their experiments there was no significant difference in the way LDV 
affected mice when the source of adrenal hormones was removed. They hypothesize 
that the fall in thymic weight may be due to intrathymic lymphocytes leaving 
to replace the loss of thymus-dependent lymphocytes from the blood and thymus
dependent areas of the spleen and lymph nodes. The destruction of thymus
dependent lymphocytes may be directly caused by the virus or by a soluble virus 

dO A 

~o 

M 

JO 

to 

"" ~ 100 B "=:. 
"-
:%, I~O 
~-

1"0 

IJO 

gOOL-----~/------tL------JL---~" 

02!J$ 

Fig. 52. (A) Thymus and (B) spleen weight changes in normal (t», adrenalectomized (0) and shamoperated (0) 
mice after inoculation with LDV. (From SNODGRASS, LOWREY, and HANNA, 1972) 

product which does not cross the thymus-blood barrier. If LDV is injected directly 
into the thymus, there is destruction of the lymphocytes in the cortex. This response 
is similar to that occurring in other lymphoid organs when the virus is injected by 
the usual routes (SNODGR.ASS, LOWREY, and HANNA, 1972). Another possible 
mechanibm for the destruction of thymus-dependent lymphocytes, postulated 
by SNODGRASS, LOWREY, and HANNA (1972), is that a cell-mediated immune 
reaction is mounted against the antigenically altered membranes of the phagocytic 
cells of the reticulum in which the virus probably replicates. This cell-mediated 
response could destroy the thymus-dependent lymphocytes and the cells in which 
the virus replicates. However, the speed of the response after infection seems too 
rapid, and when the thymus-dependent areas are repopulated they are not destroyed. 

Glomerulonephritis associated with the deposition of virus-antibody-comple
ment complexes in the glomeruli has been described in mice chronically infected 
with lymphocytic choriomeningitis virus (OLDSTONE and DIXON, 1969) and mouse 
sarcoma virus (HIRSCH, ALLISON, and HARVEY, 1969). These viruses resemble 
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LDV in gIVIng rise to a chronic infection in which infective virus-antibody 
complexes are present in the plasma for months. The trapping of the circulating 
complexes in the glomeruli is thought to be the cause of the nephritis. In LDV
infected mice significant deposits of IgG and complement can be demonstrated in 
a granular-to-Iumpy distribution along the glomerular capillary walls seven days 

Fig. 53. Section of kidney 24 hours after injection of LDV. 
Almost all the cells seen are endothelial cells which are markedly swollen to fill the lumen of the glomerular 
capillaries. A dark exudate is present hetween many endothelial cells and hasement membranes, which are normal. 

Magnification x 4,000 

after infection (PORTER and PORTER, 1971). With time, the deposits become more 
marked, but there is an increase in the number of control mice not infected with 
LDV showing antibody deposits in the glomeruli (OLDSTONE and DIXON, 1971). 
The deposits in the control mice are presumably due to chance infections or 
endogenous murine leukaemia virus. After 7.5 or 8 months from the time of infec
tion with LDV, the histopathological changes in the glomeruli were minimal and 
limited to an increase in mesangial cells with a corresponding slight increase in the 
thickening of the glomerular capillary wall. Electron microscopic studies of the 
renal tissue of mice infected with LDV (ROWSON, MICHAELS, and HURST, 1974) 
have shown swelling of the capillary endothelial cells of the glomeruli as early as 
24 hours after infection (Fig. 53). These changes persisted for at least 3 months but 
did not progress in severity. It is surprising that the persistent presence of virus
antibody-complement complexes in the glomeruli, and definite histological 
changes, do not lead to the severe type of nephritis seen in other chronic virus 
infections. The reason for this must remain in doubt until more is known of the 
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reasons for the damage caused by the deposits. OLD STONE and DIXON (1971) 
found that some strains of mice were more likely than others to develop deposits in 
their glomeruli. Six weeks after LDV infection the incidence of deposits in the 
glomeruli was 87 per cent in C3H, 40 per cent in SWR/J and 20 per cent in SW mice. 

11 

Fig. 54. Leukopenia following injection of LDV 

RILEY (1968b) has observed a substantial but transitory fall in the total white 
blood cell count 24 hours after injection of LDV (Fig. 54). The leukopenia lasted 
for only about 24 hours, and by the third day after infection the white cell count 
was the same in the infected and control animals. BAILEY, STEARMAN, and CLOUGH 

Table 19. Haematocrits and White Blood Oell Oounts in Normal and Infected Mice 

Type of monse Number of mice I Mean haematocrit I Number of mice I Mean WEO/mm" 
(%). 

Normal 90 50.17±.52 16 8543±773 

Infected 80 47.14±.47 13 9430±1139 
p~.001 p>.1 

a ± Standard error of mean. 

(From BAILEY, STEARMAN, and CLOUGH, 1963.) 

(1963) did not observe any difference in the white blood cell count between normal 
and LDV infected mice, but they did not examine blood 24 and 48 hours after 
infection. They did, however, record a small but significant depression of the 
packed red blood cell volume (see Table 19). The slight fall in haematocrit has been 
observed 3 and 7 days after infection (RILEY, 1968b) but the cause has not been 
investigated. In mice with anaemia due to repeated blood sampling no difference 
was observed in the rate at which normal and LDV-infected mice recovered 
(BAILEY, CLOUGH and STEARMAN, 1964a). Infection with LDV has been shown 
to increase the rate at which injected 59Fe is incorporated into the peripheral 
erythrocytes (SNODGRASS, YUHAS, and HANNA, 1973). 
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VII. Ecology 

Infection with LDV occurs spontaneously in both wild and laboratory mice. 
All strains of mice are susceptible but no other species has been found naturally 
infected or infectable (see p. 52). 

LDV has been isolated from wild mice in Australia (POPE, 1961), U.S.A. (POPE 
and ROWE, 1964), Germany (GEORGll and KrnSCHENHOFER, 1965) and England 
(ROWSON, 1963; FIELD and ADAMS, 1968). No systematic study of the infection 
in ·wild mice has been reported and it is not possible to say, with any certainty, 
how common the infection is. However, most reported isolations from wild mice 
were made on small numbers of animals and a high proportion were infected. In 
Maryland, U.S.A., 8 mice were examined and 4 were infected. In Germany 40 mice 
were studied; nine had raised LDH levels but 7 of these were due to non-specific 
causes. From the other 2 mice a virus was isolated which had all the characteristics 
ofLDV. In England, 19 mice trapped in Hampshire were tested and 12 were infect
ed, while of 21 caught in Northumberland, 9 were infected. This suggests that 
infection with LDV is common among wild mice, but it is not to be found in all 
wild colonies. We found no infected mice in a sample of 15 mice trapped in the 
London Docks, and PLAGEMANN, GREGORY, SWIM, and CHAN (1963) did not isolate 
the virus from several wild mice they examined. 

Laboratory mouse colonies appear much less likely to be infected with LDV 
than wild mice, but there are three reports of infection among mice not known 
to have been exposed to infected animals. PLAGEMANN, GREGORY, SWIM, and 
CHAN (1963) found all of the 30 mice they tested from one Canadian laboratory 
were infected. RILEY (1963b) found a number of infected mice in batches of 
animals received from various breeders. He also found infected mice in "germ
free" stock (RILEY, 1965). 

Mice infected with LDV excrete the virus in their faeces, urine and milk 
(PLAGEMANN, GREGORY, SWIM, and CHAN, 1963; NOTKINS, 1965a; CRISPENS, 
1964 b and d). The virus is also present in the mouth and is probably secreted 
in the saliva (CRISPENS, 1964b; NOTKINS, 1965a). NOTKINS (1965a) titrated the 
infectivity in urine, faeces, saliva and milk at various times after infection. The 
highest virus titres were obtained 24 hours after infection, in the milk and faeces. 
The titre in the milk was 107•2 ID50/ml and that in the faeces 105.9 ID50jml. The 
faeces continued to be infective for at least 135 days but virus was not detected 
in the urine for more than 16 days. The milk was infected when examined for the 
last time 16 days after infection. CRISPENS (1964b) found virus in the saliva, 
urine and faeces 36 hours after infection but at 5 weeks it was only present in the 
faeces. In the milk, CRISPENS (1965b) found infective virus present for at least 
63 days, but the titre fell from 105.8 ID50/ml, twenty four hours after infection, 
to 104•3 ID50/ml at 63 days. 

Mice are readily infected with LDV if it is injected intravenously, intraperitone
ally, intramuscularly, intra cerebrally or subcutaneously. Dermal application of the 
virus has been reported to cause infection (RILEY, LILLY, HUERTO, and BARDELL, 
1960; RILEY, 1963b) but it is probably necessary for infection by this route 
to have minor skin abrasions (NOTKINS, 1965a). Infection follows oral administra
tion provided a large dose is given. NOTKINS and SCHEELE (1963) took groups of 
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10 mice and deprived them of water for 24 hours. He then gave them 20 to 50 ml 
of distilled water containing virus which they drank in 6 to 12 hours. When the 
virus titre in the drinking water was 106 •4 ID50/ml, no mice were infected but 
when the titre was increased to 108.8 1D50/ml, approximately half the mice exposed 
were infected. In another experiment they used a plastic tube to deliver the virus
containing water directly into the oral pharynx. Given in this way, 0.2 ml of 
water containing 108.8 1D50/ml infected 10 out of 10 mice used. 

Cross-infection between infected and uninfected mice in the same cage has 
been observed (RILEY, HUERTO, LILLY, and BARDELL, 1961; HILL, TANAKA, and 
ROBERTS, 1962; PLAGEMANN, GREGORY, SWIM, and CHAN, 1963; CRISPENS, 1964b 
and d) but transmission of the infection is somewhat irregular. In one experiment, 
4 out of 5 mice put into a cage with infected mice were infected after 32 days while 
in another experiment 20 uninfected mice in a cage with 5 infected mice were 
uninfected after a similar interval. These mice were subsequently shown not to be 
immune to infection (PLAGEMANN, GREGORY, S'WIM, and CHAN, 1963). Similar 
but rather more regular transmission was obtained by CRISPENS (1964b). He took 
groups of 5 mice and injected virus into one, two, three or four of them, and tested 
the uninjected mice for signs of infection after one, three, five and seven weeks. 
In the cages where three or four mice were injected, the uninjected mice were 
infected after one week but in the cages where only one or two mice were injected, 
none of the uninjected mice were infected after one week and it was not until five 
weeks that they were all infected. These results suggest the rate of transmission 
is related to the ratio of infected to uninfected animals in a cage. 

Faeces appear to be the main source of virus for the spread of the infection under 
natural conditions, but as mice are not readily infected with small doses of virus by 
mouth, biting during the early days of the infection, when virus is present in the 
saliva, may be an important method of transmission. However, CRISPENS (1964 b) 
found no evidence for this. NOTKINS, SCHEELE, and SCHERP (1964) found that the 
infection spread much more rapidly in general purpose Swiss mice, where there 
was much more fighting than in other strains where fighting was much less 
frequent. Also, transmission was more frequent between the older male Swiss 
mice than between females and young males, where signs of biting were less evident. 
To prevent biting, the Swiss mice were made partially edentulous by extraction 
of the upper incisors and amputation of the lower incisors at the gum line. This 
procedure reduced the cross infection rate from 100 per cent to less than 5 per cent 
and showed the importance of biting in the transmission of LDV but it did not 
answer the question as to whether the virus was being transmitted to the normal 
animals by inoculation of infected saliva or whether the normal animals were 
being infected as a result of biting and ingesting virus infected tissue. To answer 
this question, uninfected mice without incisors were exposed to infected mice with 
incisors and the transmission rate determined. The mice without incisors became 
infected, supporting the idea that virus is transmitted by inoculation of infected 
saliva. However, when normal mice with incisors were exposed to infected mice 
without incisors, 75 per cent of the normal animals became infected, suggesting that 
infection may also result from ingestion of infected tissue. The high virus titre in 
the blood soon after infection would provide a sufficient concentration of virus 
to produce infection by the oral route. Further evidence that cannibalism may be 
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a factor in the transmission of LDV is that when a dead infected mouse is placed 
in a cage with uninfected mice, the latter only become infected if the dead mouse 
is eaten (NOTKINS, SCHEELE, and SCHERP, 1964). 

Transmission between mice in adjacent cages has been reported but is in
frequent (PUGEMANN, GREGORY, SWIM, and CHAN, 1963; NOTKINS, 1963a) and 
if the mice are separated by a one-inch air space and transmission of excreta 
between the cages is prevented, cross-infection does not take place (CRISPENS, 

1964b). 
Transmission of LDV from infected parents to their young occurred with a 

frequency of over 90 per cent if the females were infected with virus during preg
nancy and with a frequency of 50 per cent if the virus was injected into the lactat
ing mouse within 48 hours of parturition (N OTKINS and SCHEELE, 1963 b ; CRISPENS, 

1964a and 1965b). When both parents were infected 7 days before mating the 
transmission rate to the young varied between less than one per cent (NOTKINS 

and SCHEELE, 1963b; CRISPENS, 1964b) 44 per cent (CRISPENS, 1965b) and 59 per 
cent (CRISPENS, 1967a). In these experiments the young were examined when 3 to 
5 weeks old and infection could have occurred at any time but as mice are not 
readily infected from their cage-mates in the absence of fighting it seems likely 
that the young of mothers infected during lactation were infected via the milk. 
The very high incidence of infection in the young of mothers infected during 
pregnancy, as compared with those whose mothers were infected after parturition, 
suggests that the virus crosses the placenta during the acute phase of the infection 
when the plasma virus titre is high. In support of this theory, CRISPENS (1965b) 
found that newborn mice which were separated from their infected mothers 
immediately after birth were infected, and GEORGI!, LENZ, and ZOBEL (1964) 
found that the embryos were infected 72 hours after the mother was injected with 
virus. The difficulty of obtaining embryos free of contamination by the mother's 
body fluids is obvious but that GEORGI! and his colleagues were successful in doing 
this is suggested by the fact that embryos removed 24 hours after the mother was 
infected, were not infected, although at this time the maternal plasma virus titre 
would be very high. In this work, GEORGI! and his colleagues did not test for the 
presence of the virus immediately, but grew the embryo tissue in culture for 
3 days or more before testing for the presence of virus. This would probably be a· 
less sensitive test than the direct method. 

CRISPENS (1967 a) found that females infected between 0 and 9 days before con
ception were more likely to have infected offspring than mice infected 10 or more 
days before conception. CRISPENS (1967b) also observed that among the weanlings. 
born to mothers infected with LDV between 10 and 19 days before conception 
there were more females (male:female ratio 40.6:59.4) than expected. In litters 
born to uninfected females and females infected 0 to 9 and 20 to 29 days before 
conception the ratio was approximately 50:50. To determine if the infection was 
acting via one or both parents, CRISPENS (1969) infected male and female mice 
with LDV 10 days before mating them with normal non-infected mice. The sex 
ratio among the offspring of infected females mated to control males was identical 
to that observed in control mice (51 :49) but with the control females mated to 
infected males the ratio was 43: 57. It is clear that the virus is acting on the male 
parent and it is interesting that none of the offspring were infected in the male 
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infected group. The injection of male mice 'with mouse liver LDH, 20,000 units 
at daily intervals for 8 days before mating with uninfected females, resulted in 
offspring with a sex ratio 45: 55 as compared to 51 :49 for the control mice. The 
difference is not significant but it must be remembered that the level of injected 
enzyme would fall rapidly after injection and so it can not be assumed that the 
effect on the sex ratio is not due to the high level of LDH in infected mice. These 
results were obtained using C57BLjFg mice. Using BALBjcDg mice which have 
a low male:female sex ratio CRISPENS (1971) found that if females were injected 
with virus 10 to 14 days before mating the litters contained more males than 
expected (males:females ratio 49:51 as compared to 41 :59 in the controls). 
CRISPENS found that plasma LDH levels were very similar in LDV -infected C 57 BLj 
Fg and BALBjcDg mice but that spermatozoa LDH levels in samples from non
infected BALBjcDg mice were higher than in LDV-infected mice, whereas the 
levels in infected and non-infected C57BLjFg mice were similar. 

There is only one report of a foster nursing experiment. CRISPENS (1964b) 
fostered 3 litters from uninfected females onto 3 females infected one week 
previously and one litter from an infected female onto a normal mouse. On 
examination, when five weeks old, none of the young were infected. 

The male appears to play no part in the transmission of the infection to the 
young and when normal female mice are mated with infected males for 11 days, 
only 2 of the 9 exposed females became infected (ROWSON, 1962). 

As the LDH virus is not readily transmitted from parents to young, the main
tenance of the infection depends on transmission of the virus between adults. 
Infected food and environment are likely to playa part in this but as the infection 
is rare in laboratory stock mice, although the virus is accidentally maintained in 
llulny laboratories by experimental procedures, it seems unlikely that cross infec
tion, on any significant scale, occurs by transmission of excreta between mice. 
The maintenance of the virus in the wild therefore probably depends on trans
mission during fighting and cannibalism, which is probably frequent but the role 
of blood sucking parasites should not be dismissed. Since LDV-infected mice have 
a permanent viraemia, transmission of the virus by insects or mites could be an 
important means of maintaining the infection in wild mouse populations. No 
studies of the ability of the virus to infect parasitic vectors have been reported, 
however. It would be interesting to know which blood-sucking parasites are able 
to transmit LDV and for how long they remain infectious after a blood meal. 

VIII. Laboratory Methods 

A. Blood Samples from Mice for LDH Estimation 
Mouse blood haemolyses very readily, thus it is very difficult to obtain serum 

free of all haemolysis and suitable for LDH estimations. It is therefore much 
easier to use plasma. Mice may be bled from the brachial artery, the tail (ADAMS, 
ROWSON, and SALAMAN, 1961) or retro-orbital sinus (SALEM, GROSSMANN, and 
BILBEY, 1963; RILEY, 1960) but whichever method is used there must be a 
minimum of tissue damage. Bleeding from the retro-orbital sinus is easily performed 
under ether anaesthesia and is the method of choice for most purposes but if the 
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mouse is to be bled repeatedly at frequent intervals the LDH activity in the plasma 
may be found to rise slightly presumably due to tissue damage. For repeated 
sampling tail bleeding is more satisfactory but the mouse should be kept at 37° C 
for 10 minutes before bleeding and the minimum of pressure applied to the tail 
after the tip has been cut off cleanly with sharp scissors. H a larger volume of 
blood is required the brachial artery is the best site. Under ether anaesthesia a 
mid-line incision is made and the tissues reflected. H the skin is held up the axilla 
forms a pocket into which the blood will flow when the brachial artery is cut. A 
drop of heparin is placed in the axilla before the artery is cut and the freely flowing 
blood taken up with a pipette. Care must be taken to cause the minimum of tissue 
damage as this will produce an abnormally high LDH level. The blood should be 
taken into a heparinized tube or diluted in phosphate buffered saline containing 
100 I. U. per ml of heparin without preservative. The blood, appropriately diluted, 
should be centrifuged at 2,000(1 for 10 minutes· and the dilute plasma carefully 
removed. It is advisable to remove only the upper three quarters of the plasma 
so as to avoid any contamination with cells. Plasma LDH activity is quite stable 
and plasma samples can be kept overnight at +4° C without appreciable loss of 
activity but for longer storage the plasma should be frozen (CRISPENS, 1962). 

B. Estimation of Plasma LDH Activity 

1. Quantitative Methods 

Lactic dehydrogenase converts lactate to pyruvate and in the process nicotin
amide-adenine dinucleotide (NAD) is reduced: 

L-lactate + NAD+±+;pyruvate + NADH 
The activity of the enzyme can be assayed in the forward reaction by measuring 
the increase in NADH or in the backward reaction (using pyruvate as substrate) 
by measuring the disappearance of pyruvate or NADH. A method involving the 
change in NADH concentration is the most accurate and the change in NADH 
concentration is easily followed by measuring the absorption change at 340 nm. 
However, if a spectrophotometer is not available the method measuring the fall in 
pyruvate concentration may be useful. 

a) Determination 01 Plasma LDH by Spectrophotometric Method 

(Backward Reaction) (WROBLEWSKI and LA DUE, 1955). 

Principle 
Pyruvate+NADH ----->-. Lactate+NAD+ 

LDH 
Plasma is incubated with pyruvate and NADH at 25° C, and the resultant 

decrease in optical density due to the oxidation of NADH is measured at 340 nm. 
The rate of the reaction is proportional to the amount of LDH present. 

Reagents 
Phosphate Buffer, pH 7.4 

13.97 gdi-potassiumhydrogenphosphate (anhydrous). 2.69 gpotassiumdihydrogen 
phosphate (anhydrous). Dissolve in distilled water, make up to 1 litre and store in the 
cold. 
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NADH, 2.5 mg/ml 
Weigh accurately 10 mg reduced nicotinamide adenine dinucleotide in a 5 ml bijou 

bottle. Add exactly 4 ml phosphate buffer. 
Store frozen for not more than 2 days. 

Sodium Pyruvate, 2.5 mg/ml 
Weigh accurately 10 mg sodium pyruvate in a 5 ml bijou bottle. 
Add exactly 4 ml phosphate buffer and store frozen. 

Method 
Pipette into a 1 cm cell: 

Buffer - 2.6 ml. 
Diluted plasma (1 in 6) - 0.2 ml. 
NADH - 0.1 ml. 
Stand for 15 minutes then add pyruvate - 0.1 ml. 
Follow the decrease in optical density at 340 nm for 6 minutes (e.g. read at 0, 1, 2, 3, 
4, 5 and 6 minutes). 

Oalculation 
One conventional (spectrophotometric) unit of LDH activity produces a decrease 

in optical density of 0.001 per minute per ml plasma. Thus, using 0.2 ml plasma under 
the above conditions the change in optical density calculated for a 5 minute period, 
multiplied by 1,000, and multiplied by the plasma dilution employed, i.e. 6, will give 
the plasma LDH activity in conventional units. The reaction temperature should be 
within 24° to 27° C. 

b) Determination of Plasma LDH by Spectrophotometric 1l1ethod 

(Forward Reaction) (AMADOR, DORFMAN and WACKER, 1963). 

Principle 
Lactate+NAD+ ----> Pyruvate+NADH 

LDH 

Plasma is incubated with lactate and NAD+ at 25° C, and the resultant 
increase in optical density due to the reduction of NAD is measured at 340 nm. 
The rate of reaction is proportional to the amount of LDH present over a wide 
range; the reaction is linear over a wider range of activities than is the backward 
reaction (AMADOR, DORFMAN, and WACKER, 1963). 

Reagents 
Buffered solution of lactic acid (77.5 mM), sodium pyrophosphate (0.051\'1, pH 8.8) 

and NAD (5.25 mM). Dissolve 6.2 g soditun pyrophosphate in 250 ml hot distilled 
water, cool, add lactic acid (2.0 ml) and adjust to pH 8.8 with 1 N sodium hydroxide. 
Dissolve 1.10 g NAD in this solution and adjust to 280 ml. Then store in 2.8 ml aliquots 
at -20° C. These reaction mixtures are stable for 6 months. 

Method 
Pipette into a 1 cm cell: 

Reaction mixture 2.8 ml 
Plasma 0.2 ml 

Mix well by inversion and follow the increase in optical density at 340 nm every 
minute for six minutes. If the reaction rate exceeds a change in absorbance of 0.100 per 
minute, the plasma should be diluted. 

Oalculation 
Under the above conditions, the change in optical density calculated from a 

5 minute period and multiplied by 1,000 and by the plasma dilution employed will give 
the plasma LDH activity in conventional units. The reaction temperature should 
be within 24° to 27° C. 
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c) Determination of Plasma LDH by Oolorimetric Method 
(Disappearance of Pyruvate) 
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The method is fully described in Sigma technical bulletin No. 500. It is not so 
accurate or reliable as the previous two methods (AMADOR, REINSTEIN, and BEN

NOTTI, 1965), but can be of value where a spectrophotometer measuring absorption 
at 340 nm is not available. 

Principle 

A standard amount of sodium pyruvate and excess NADH are incubated with 
0.1 ml of diluted serum for 30 minutes after which a colour reagent is added which 
gives a brown colour with the unchanged pyruvate. The intensity of the brown 
colour gives a measure of the amount of pyruvate remaining unaltered by the 
enzyme. 

Reagents 

NADH and Pyruvate Substrate. 1 mg NADH (Boehringer) per ml of standard 
pyruvate substrate (Sigma). The pyruvate substrate provided by Sigma gives satisfac
tory results but other preparations of pyruvate may not. 

Colour Reagent 
200 mg 2: 4 dinitrophenylhydrazine dissolved in 85 ml concentrated hydrochloric 

acid and diluted to 1 litre. It may be stored at +4° C in the dark. 
O.4N Sodium Hydroxide preferably carbon dioxide free. 

Method 
Preparation of Calibration Curve. Into 6 test tubes place 1.0, 0.8, 0.6, 0.4, 0.2 and 

0.1 ml of Sigma pyruvate substrate and 0.1, 0.3, 0.5, 0.7, 0.9 and 1.0 ml of water so 
that the total volume in each tube is 1.1 ml. To each tube add 1 ml of colour reagent. 
Mix gently and leave at 25° C (±5° C) for 20 minutes. Add to each tube 10 ml of 
0.4 N sodium hydroxide. Wait at least 5 minutes but not more than 30 minutes. Then 
read optical density or per cent transmission for each tube using water as reference. 
A wave length or filter system should be used which will give an optical density of 0.9 
(12 per cent transmission) for tube No.1 (1.0 ml pyruvate substrate). The same wave 
length or filter system must be used in all subsequent tests. With these data a standard 
curve can be prepared: tube 1 represents no enzyme activity, tube 2 280 u, tube 3 
640 u, tube 4 1,040 u, tube 5 1,530 u and tube 6 2,000 u. 

Estimation of LDH Activity. Pipette 1 ml of NADH pyruvate substrate into as many 
tubes as there are sera to be tested. Place the tubes in a 37° C water bath for a few 
minutes to warm. Add 0.1 ml of test serum diluted 1 in 6 with water, shake the tube 
gently and start a timer. Add the other sera at 30 second intervals to the other tubes. 
Exactly 30 minutes after adding the sera remove the tubes from the water bath and 
add 1,0 ml of colour reagent. Mter 20 minutes add 10.0 ml of 0.4 N sodium hydroxide 
to each tube. Wait 5 minutes but not more than 30 minutes before reading the optical 
density under the conditions used for the calibration curve. Determine the LDH activity 
from the calibration curve. 

2. Qualitative Method 
Principal 

1. Pyruvate + reduced nicotinamide-adenine dinucleotide 

(NADH) ~Lactate+NAD 
LDH 
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2. Pyruvate + 2:4 dinitrophenylhydrazine -+ Pyruvate-dinitrophenylhydrazone. 

LDH catalyzes reaction 1, the rate of reaction being proportional to the amount 
of LDH present. Plasma is incubated at 37° C with pyruvate and NADH, and 
the pyruvate remaining after reaction is demonstrated by addition of 2: 4 dinitro
phenylhydrazine, which forms an intensely brown coloured hydrazone in presence 
of pyruvate and NaOH. In the following test, the amounts of the various reagents 
have been so adjusted that plasmas having an LDH activity of 1500 I. U./ml or 
more will consume all the pyruvate present during the first incubation, resulting 
in a colourless mixture. Plasmas with a low LDH activity, less than 1000 I. U./ml, 
show up with a brown colour. The method is thus ideally suited for titrating LDV. 

ReQ{Jents 

NADH-Pyruvate Sub8trate.1 mgNADH (DPNH) (Boehringer) per millilitre stand· 
ardized pyruvate substrate (Sigma No. 500L-1). 

Oolour Reagent 
200 mg 2: 4 dinitrophenylhydrazine. 
85 ml conc. HCl. 
Dilute to 1 litre and store at +4° C in the dark 
2 N Sodium Hydroxide (preferably C02 free). 
Oontrol Plasma. Plasma from a high LDH mouse, diluted to 100 I.U. LDH/ml. 

Method 
Warm 'spot plate' (haemagglutination tray) in 37° C incubator. 
Pipette 0.1 ml NADH-pyruvate substrate into each depression (plan on one 

depression per test plus two for controls). 
Add 0.05 ml of plasma diluted 1 in 24 at timed intervals (say quarter·minute), with 

stirring. Include one 'blank' depression and one with control plasma. Incubate at 37° C 
for 30 minutes. 

Exactly 30 minutes after adding the diluted plasma, add 0.1 ml colour reagent to 
each depression with stirring. 

Incubate 10 minutes at room temperature. 
Pipette 0.2 ml 2 N NaOH into each depression, with stirring. 
Read immediately - high LDH - colourless; low LDH - brown (a typical result 

is presented in Fig. 7, page 14). 

Summary 
Test Reagent Control Test Control 

NADH-Pyruvate 0.1 0.1 0.1 
1/24 Plasma 0.5 
Control plasma 0.05 
Colour Reagent 0.1 0.1 0.1 
2NNaOH 0.2 0.2 0.2 

3. Units of LDH Activity (KING and Moss, 1963) 

One conventional unit of LDH activity is the amount of enzyme which will 
catalyze the oxidation of NADH to NAD causing a decrease in optical density at 
340 nm of 0.001 optical density per minute at 25° C. The conventional unit derived 
from simple observed changes in optical density can be converted to the more 
universal basis of substrate utilization. 

1 conventional unit causes a decrease of optical density at 340 nm of O.OOl/min/ 
cm. Since 1 micromole of NADH in 1 ml of solution has an optical density of 
6.3/cm at 340 nm, 1 micromole of NADH will have an optical density of 2.1 in the 
3 ml reaction mixture. 
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1 conventional unit = 0.001f2.1 micromoles of NADH reduced per minute 
= 0.00048 micromoles of NADH reduced per minute 

approximately 0.0005 micromoles of NADH reduced 
per minute 

1 conventional unitfml = 0.0005 micromolesfminutefml 
= 0.5 micromolesfminutefliter 
= 0.5 international unit 

Since the Commission on Enzymes defines a Standard unit as the amount of an 
enzyme which will catalyze the transformation of one micromole of the substrate 
per minute under defined conditions and the concentration of an enzyme in solu
tion should be expressed as units per ml, 1 conventional unit = 0.0005 Standard 
units. As this definition requires dividing the observed conventional units by 
200 it brings all normal values below unity. This can be avoided by using the 
Commission's recommended term milli-unit, which makes them identical with the 
International units. The same may be accomplished by expressing the activity 
in terms of millimicromoles of NADH. 

1 conventional unit = 0.5 International unit (KING and CAMPBELL, 1961) 
= 0.0005 Standard unit (Commission on Enzymes, 1961) 
= 0.5 Standard milliunit (Commission on Enzymes, 1961) 

c. Diagnosis of LDV Infection in Mice 

Laboratory stock mice are seldom infected with LDV and the absence of infec
tion can be confirmed by demonstrating that their plasma LDH level is below 
5001. U. per ml. Except for the first 48 hours after infection, infected mice always 
have a plasma LDH level above 5001. U. per m!. If a mouse has a raised plasma 
LDH level the presence of an infective agent can be proved by taking blood or 
any other tissue and injecting this into a normal mouse. The test mouse is bled 
from the orbit. after 3 days for plasma LDH level. If the mouse appears healthy 
and has a raised LDH level the presence of LDH virus is virtually certain, but to 
exclude the possibility of Eperythrozoon coccoide8 being the cause of the elevated 
LDH level the titre of the infective agent in the plasma 24 hours after infection 
should be determined. A titre of 108 infective doses per ml of plasma excludes the 
possibility of other agents than LDV. Alternatively Eperythrozoon coccoide8 may 
be directly excluded by injecting material into a group of splenectomized mice 
and examining blood films from them 2,4,6,8 and 10 days after injection for the 
organisms. 

D. Virus Titration 

Tenfold dilutions are prepared in phosphate buffered saline with 10 per cent 
broth and 0.2 ml volumes injected intravenously (orbital sinus) or intraperitoneally 
into groups of mice. Ideally the mice should be housed in individual cages but as 
LDV is not rapidly transmitted between mice the mice receiving each dose level 
may be kept in the same cage. After 72 hours the mice are bled from the orbit 
and a qualitative test for LDH activity performed on the plasma. A sharp end
point is usually obtained and the virus titre estimated by Thompson's method 
(THOMPSON, 1947). 
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