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1. Overview 

Lactate dehydrogenase-elevating virus (LDV) is a generally 
nonpathogenic mouse VllUS (for reviews see refs. 1-5). LDV infec
tions in most strains of Mus musculus usually result in lifelong, 
persistent, asymptomatic infections. However, in highly leuke
mic strains of mice, peripheral inoculations of LDV can result in 
a fatal paralytic disease (6,7) that has been shown to involve 
direct cytopathic effects of LDV infections on motor neurons (see 
Section 3.). LDV infection of motor neurons is dependent on the 
expression of an endogenous, ecotropic murine leukemia virus 
(MLV) in these cells (see Section 4.). Susceptibility in genetically 
predisposed strains of mice is related to the age of the animals at 
the time of LDV infection (6-8); hence, the neurological disease 
is referred to as age-dependent poliomyelitis (ADPM). The age 
at which mice become susceptible can be modulated by immu
nosuppressive agents, such as cyclophosphamide and X-irradia
tion (6,7,9,10). In addition to the genetic and viral factors involved 
in the development of ADPM, humoral and cellular immune 
functions appear to control both the initiation and the progres
sion of the neurological disease caused by LDV (see Section 5.). 
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ADPM is therefore a neurological disease that results from 
a complex interaction of viral, immunological, and genetic fac
tors. Figure 1 is a schematic representation of our present model 
of the interaction of the various factors in ADPM and is designed 
to facilitate discussion of these factors in subsequent sections. 
The unusual features and complexity of LDV-induced ADPM 
make this disease an intriguing model system to study through 
molecular dissection of the various components of pathogen
esis. The complex mechanism of pathogenesis described for LDV
induced ADPM may parallel that of some human central nervous 
system (eNS) diseases involving genetic, immunological, and 
possibly viral factors. 

2. Biology of LDV Infections 

2.1. Virion Morphology and Genome Organization 

LDV is an enveloped, positive-strand RNA virus and is cur
rently classified in the Togaviridae family (11-13). The virion con
tains a positive-strand RNA genome of about 13 -kb (12). The 
LDV spherical vilion has a diameter of 50-55 nm and a nucleo
capsid core of 30-35 nm (12-14), and is composed of three struc
tural proteins (12,15): a capsid protein (VP1; 12-15 kDa), a 
nonglycosylated envelope or matrix protein (VP2; 17-19 kDa) 
and a highly glycosylated envelope glycoprotein (VP3). VP3 is 
heterogeneous in size (24-40 kDa), most likely because of vari
ability in the size of the carbohydrate moiety (16; Brinton, per
sonal communication). 

Recent sequence analyses of LDV cDNAs (17,18) and the 
identification of seven subgenomic RNAs in LDV-infected mac
rophage cultures (19) indicate that LDV, along with equine 
arteritis virus (20), is more closely related to coronaviruses and 
toroviruses than to togaviruses (10,21). As reported for equine 
arteritis virus (20),with which LDV shares common features in 
morphology, size of its genome, and the number and size of the 
structural proteins, the gene for VPl of LDV is located closest to 
the 3' end of the LDV genome (17,18). The five subgenomic 
mRNAs of equine artelitis vilus form a nested set at the 3' end 
of the genome and are probably formed by splicing of a com
mon genomic-size RNA precursor (20,21). 
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2.2. Replication in Cell Culture 

2.2.1. Restricted Host Cell Range 

In contrast to equine arteritis virus and other related viruses, 
LDV has a very restricted host cell range both in vivo and within 
populations of macrophages in culture (22-25). The replication 
of LDV is limited to a subpopulation of murine macrophages 
comprising 5-20% of adherent cells in cultures of peritoneal mac
rophages from adult mice (23-26). In contrast to macrophages 
from adult mice, 70-80% of peritoneal macrophages from neo
natal mice, 1-14 d of age, are permissive for LDV replication 
(22,27). After 14 d of age, the proportion of LDV-permissive 
macrophages in mice progressively decreases until about 6 wk 
of age, at which time the level of permissive macrophages is 
equivalent to that observed in adult mice. The reason for the 
decrease in the proportion of permissive cells in the peritoneal 
cavity with increasing age of the mice has not been elucidated; 
however, it is speculated that permissiveness to LDV replica
tion is related to variable expression of a surface protein, (22) 
which functions as an LDV receptor (22). Expression of this mol
ecule may be limited to a particular stage in ontogeny or to a 
particular position in the cell cycle (22; see Section 2.2.2.). 

The very limited host cell range of LDV for a subpopula
tion of macrophages is remarkably narrow in view of the broad 
cell tropisms of other related viruses. For the investigator, the 
restricted host cell tropism requires that LDV either be propa
gated in primary mouse macrophage cultures or in vivo. No cell 
line has been demonstrated to contain >0.1 % LDV-permissive 
cells, despite extensive attempts not only to identify a suitable 
culture system (22,23), but also to enhance the fraction of per
missive cells in cell lines by single-cell cloning from slightly 
permissive cell lines (22). 

LDV replication in cultured macrophages is rapid; LDV 
RNA and protein synthesis begin about 3 h postinfection (pi) 
and, under one-step growth conditions, LDV replication is 
complete by about 12 h pi (22-24). Studies with cultures of 
macrophages derived from 1 to 2-wk-old mice have clearly dem-
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onstrated that LDV infection is cytocidal (22,27), confirming 
previous conclusions derived from studies of cultured macro
phages obtained from adult mice (23,24). The fact that LDV rep
lication is cytocidal has been of little use in devising methods 
for LDV titrations in primary macrophage cultures. In cultures 
of macrophages from adult mice, the proportion of LDV-per
missive cells is too low to detect their destruction (26). On the 
other hand, preparation of cultures of macrophages from 1-
2-wk-old mice is technically very demanding and too expensive 
to be useful for a routine end-point dilution titration assay. Thus 
the only LDV titration assay available at present is an end
point dilution assay in mice, based on the five to tenfold increase 
in plasma lactate dehydrogenase activity that an LDV infec
tion induces in mice (18). 

Other than macro phages, the only cell type shown to sup
port LDV replication is the anterior horn motor neuron. 
Although neuronal replication of LDV has different dynamics 
than replication in macrophages, it appears that it is also cytocidal 
and occurs only in those motor neurons that express endogenous 
ecotropic murine leukemia virus RNA (see Sections 3. and 4.). 

2.2.2. LDV Receptor 

Putative surface receptors for LDV have been detected on 
macrophages (26,27,29,30). The receptor is trypsin-sensitive; the 
ability of macrophages to support LDV replication is abrogated 
by trypsin treatment, but reappears after about 12 h of further 
incubation of the cells in complete growth medium (26). It has 
been reported that a MHC class II Ia antigen is the receptor for 
LDV (27,30-32), but other results contradict this conclusion (22, 
26,29). Thus the nature of the LDV receptor on permissive macro
phages remains to be elucidated (10). 

2.3. Replication In Vivo 

Following peripheral inoculations (typically intraperito
neal), LDV replication in mice is rapid. Maximum plasma titers 
of 1010 50% infectious doses (IDsoJ / mL of plasma are attained 
1 d pi. Thereafter the plasma titers decrease progressively to 
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104-105 IDso/mL by about 1 mo pi, a level which is maintained 
for the life of the animal (chronic phase of infection; 4,5,33). The 
plasma LDV levels during the chronic phase are low compared 
to those observed 1 d pi, but they are high compared to those 
generally observed during chronic infections by other viruses. 

Immunohistochemical analyses of spleen tissue removed 
at 18-24 h pi demonstrated the presence of numerous LDV anti
gen-positive cells, but by 48 h pi few if any positive cells remained 
(27,34,35). In addition, Northern blot analyses, in which an LDV
specific cDNA probe was hybridized to total spleen RNA over 
the same time-period, revealed that peak LDV RNA levels were 
present at 1 d pi (9,34). These studies indicate that maximum 
LDV replication in animals occurs during the first day pi, and 
that the slow decline in plasma titers thereafter represents 
gradual inactivation of virus that was produced during the acute 
phase of the infection. 

The initial burst of LDV viremia in mice is, therefore, most 
likely caused by rapid cytocidal infection of all available per
missive macrophages during the acute phase of infection (23,33). 
The persistence of LDV infections, with viremia of 104-105 IDsoI 
mL of plasma, is maintained by continuous LDV infection of 
newly generated permissive macrophages (24,33), which seem 
to originate from nonpermissive precursor cells, most likely in 
the bone marrow. Acquisition of a membrane protein that acts 
as the receptor for LDV during macrophage ontogeny or during 
stages in the cell cycle may account for the permissive pheno
type, but changes in the physiology of macrophages as they 
pass through ontogeny could also influence susceptibility to 
LDV infection. However, no data are available to support or 
refute either possibility. 

Persistence of animal viruses often involves sequestration 
of the virus within cells and organs with possible recurrent acti
vation or fluctuation in levels of viremia (for review see ref. 36). 
The constant level of viremia in chronic LDV infections (4,5) 
and the apparently continuous active viral replication are in 
contrast to what has been observed for many other persistent 
viral infections. 
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Continuous LDV replication occurs in spite of a vigorous 
anti-LDV antibody response. Anti-LDV antibodies are initially 
detected at 5 d pi, and the levels increase progressively until a 
plateau is reached at about 4-6 wk pi (16,33,37). The antibodies 
fonned initially after LDV infection fail to neutralize LDV infec
tivity in vitro, in spite of the fact that they are primarily directed 
to the envelope glycoprotein VP3 of LDV (16). Neutralizing anti
LDV antibodies begin to develop only about 1 mo pi, but their 
appearance has no significant effect on LDV viremia (33). Fur
thermore, the time-course of LDV viremia is about the same in 
nude mice, which fail to develop significant levels of anti-LDV 
antibodies, as in wild-type mice. Lastly, inhibition of LDV anti
body fonnation by continued T-cell depletion of mice has also 
no significant effect on LDV viremia (23). However, the appear
ance of neutralizing antibodies correlates with the formation 
of infectious antibody-virion complexes (38-41). LDV infectiv
ity in these complexes is resistant to inactivation by the addition 
of complement (16,42), but can be reduced by incubation with 
antimouse IgG (16,43). During the chronic phase of LDV 
infection, all detectable LDV circulates as infectious virus-anti
body complexes. Furthermore, it has also been shown that 
passive immunization of mice with neutralizing monoclonal or 
polyclonal antibodies to LDV VP3 does not protect mice from 
LDV infection to any significant degree (16,42). It is apparent 
that LDV has developed mechanisms to escape all host defenses, 
but the mechanisms involved have not yet been resolved. 

LDV infections of mice result in increases in certain plasma 
enzyme levels. The activities of several, but not all, plasma 
enzymes, most notably lactate and isocitrate dehydrogenases, 
are increased dramatically by 4 d pi with LDV and remain ele
vated for the lifetime of the animal (4,5). The mechanism by 
which the levels of lactate dehydrogenase and other enzymes 
are increased in the plasma was demonstrated to be decreased 
clearance of the enzymes rather than increased production or 
release from tissues (reviewed in refs. 4,5). Lactate dehydroge
nase and malate dehydrogenase (also elevated during LDV 
infections) are cleared from the circulation by cells of the reticu-
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loendothelial system via receptor-mediated endocytosis (44). 
Therefore it is reasonable to hypothesize that the LDV-permis
sive subpopulation of macrophages is responsible for the clear
ance of a subset of enzymes from the plasma and that the 
continued destruction of the permissive macrophages in infected 
mice is the cause of elevation of these plasma enzymes. The 
notion that this macrophage subpopulation bears a surface mol
ecule that recognizes the subset of plasma enzymes (44) and also 
recognizes the envelope glycoprotein of LDV (VP3), and thus 
acts as the cellular receptor of this virus, is an attractive one, but 
one that has not been fully investigated. The LDV-permissive 
macrophage population does not seem to be essential for mice, 
since its continuous destruction by LDV does not cause any overt 
pathological condition in jnfected mice. However, in addition 
to causing increases in plasma levels of certain enzymes, other 
host functions are affected by LDV infections. 

2.4. Effects on Host Immune Functions 
During Chronic LDV Infections 

LDV infections of the permissive subpopulation of mac
rophages in mice appears to affect certain host immune func
tions (1; reviewed in refs. 4,5), the losses of which are detectable, 
but not severe enough to result in overt immune deficiencies. 
LDV infections activate B lymphocytes in a polyclonal fashion 
(38,45,46), causing a permanently increased production ofy-glob
ulin, primarily the IgG2a isotype (47-50). The elevated immuno
globulins recognize a diverse range of antigens, including 
antigens of sheep red blood cells, tumors, various host tissues, 
and LDV itself (1,51-53). The polyclonal B-cell activation occurs 
in mice actively infected with LDV, but not in mice immu
nized with inactivated LDV (16), and is largely T-cell depen
dent (47,50). In addition, the mitogen responsiveness of Band T 
cells from LDV-infected mice is reduced (47,50), but the response 
of persistently infected mice to T-cell-dependent or -indepen
dent antigens is affected only marginally, if at all (reviewed 
in refs. 4,5). Depressed cellular immunity, as determined by al
logeneic graft rejection, has been noted after infection with LDV, 
but only during the acute phase of infection (1,4,5). 
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3. Infection of the Central Nervous System: 
Age-Dependent Poliomyelitis (ADPM) 

3.1. Age-Dependence 

Susceptibility of C58 mice to LDV-induced poliomyeli
tis increases with advancing age of the mice and is enhanced by 
cyclophosphamide treatment or X-irradiation (6,54,55). Previ
ously published data have indicated that 50---60% of C58/ M mice 
12 mo of age or older are susceptible to ADPM, and that younger 
mice do not develop paralytic disease after LDV infection, 
except when X-irradiated or treated with cyclophosphamide 
prior to LDV infection (6,7,10). We find that >10% of 5- to 10-
mo-old C58/M mice raised in our colony develop paralytic dis
ease after LDV infection, but that the incidence of ADPM is 
increased to nearly 100% if these mice are X-irradiated or treated 
with a single dose of cyclophosphamide (200 mg/kg) 1-2 d prior 
to LDV infection (56). Paralytic symptoms generally develop 
between 2 and 3 wk pi with LDV, but the incubation period 
becomes shorter in older mice (10). Two-month-old C58/ M mice 
remain asymptomatic after LDV infection following either X
irradiation or treatment with a single dose of cyclophosphamide 
prior to infection (6,7). However, 2-mo-old homozygous nude 
AKR mice, which fail to mount an anti-LDV response, have 
been found to be 100% susceptible (Anderson, Palmer, and 
Plagemann, unpublished data). Moreover, young C58 mice (2, 
3, or 4 mo of age) receiving multiple injections of cyclophospha
mide before and after LDV infection have been shown to be sus
ceptible to ADPM (Anderson, Palmer, and Plagemann, 
unpublished results). These observations suggest that decreased 
immune functions are an age-related component of susceptibil
ity to ADPM (see below). 

3.2. Immunosuppression 
as a Predisposing Factor for ADPM 

Broadly-acting immunosuppressive agents (Le., X-irradi
ation and cyclophosphamide) as well as more specific treatments 
(i.e., cyclosporin A (CsA) and anti-CD4, and anti-Thy-1 anti
bodies) have no detectable effect on peripheral LDV replica-
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tion in Balbi c mice (33). Results with CsA, anti-CD4, and anti
Thy 1 antioodies in C58 mice were comparable to those in Balbi c 
(Onyekaba and Plagemann, unpublished data). However, all of 
these treatments enhance to some extent the susceptibility of C58 
mice to ADPM. Daily treatments with cyclosporin resulted in a 
20-30% incidence of ADPM in LDV-infected 6 mo-old C58 mice. 
The incidence of ADPM in 10 mo old C58 mice was 15%, 50% 
and 70% for treatment with anti-CD4, anti-Thy 1.2 and both anti
CD4 and anti-Thy 1.2, respectively (Harty and Plagemann, un
published data). The results indicate that T cells playa role in 
protecting 6-mo-old C58 mice from LDV-infection of motor neu
rons, a finding that is further supported by passive transfer 
experiments (see Section 5.2.). 

The most effective immunosuppressive treatments for ren
dering 6-mo-old C58 mice susceptible to LDV-induced motor 
neuron disease are X-irradiation and cyclophosphamide treat
ment. These two agents may exert two independent effects that 
contribute to ADPM susceptibility. First, these treatments may 
increase the steady-state levels of endogenous ecotropic MLV 
RNA and proteins in motor neurons; increases in the levels of 
these retroviral molecules have been shown to correlate with 
the susceptibility of motor neurons to LDV infection (see Sec
tion 4.). Second, these agents suppress T-cell-mediated and 
the humoral anti-LDV responses, which are known to protect 
the motor neurons from LDV infection. The relative contri
butions to the induction of susceptibility by each effect of 
these treatments has not been entirely resolved. 

In relation to the suppressive effects of these agents on the 
anti-LDV response, our present model (Fig. 1) suggests that a 
single treatment with cyclophosphamide or X-irradiation of 6 
mo-old or older C58 mice before LDV infection suppresses anti
LDV immune responses long enough to allow extensive spread 
of the LDV infection through the spinal cord, resulting in suffi
cient motor neuron destruction for paralysis to ensue. It is known, 
however, that the immunosuppressive effects of cyclophospha
mide on LDV antibody production subside after about 10-14 d 
(33). It is suggested, therefore, that in younger C58 mice the im-
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mune system recovers rapidly enough after a single immu
nosuppressive treatment to block significant spread of LDV 
among motor neurons, thus preventing excessive motor neuron 
destruction and paralysis. This model is supported by the find
ing that 2- to 4-mo-old C58 mice develop ADPM after LDV infec
tion when repeatedly treated with cyclophosphamide at 
weekly intervals after LDV infection (Anderson, Palmer, and 
Plagemann, unpublished results). Repeated injections of cyclo
phosphamide will continuously inhibit all anti-LDV immune 
responses (Anderson, Palmer, and Plagemann, unpublished 
data). However, in these younger mice the development of paral
ysis is delayed, perhaps because of low levels of endogenous 
MLV RNA and proteins in the motor neurons (see Section 4.). 

3.3. Histopathology of LDV-Induced eNS Lesions 

No abnormal histological changes have generally been 
observed after LDV infection in the CNS tissues of most mouse 
strains that are resistant to ADPM, such as C57/J and C57BL/6 
(57). However, in C57BR/ cdJ mice, which are also resistant to 
LDV-induced paralysis, an LDV infection can induce CNS 
lesions in the white matter; however, these do not result in 
either inflammatory infiltrates or overt morbidity, and occur 
whether or not the mice are treated with cyclophosphamide (57). 
Similarly, young mice of the susceptible genotype (C58 and AKR) 
develop histologic poliomyelitis without developing paralysis 
when injected once with cyclophosphamide prior to peripheral 
inoculation of LDV (58). Brinton and coworkers (58) detected 
LDV RNA in motor neurons of these LDV-infected, young C58 
and AKR mice, but apparently only infrequently in comparison 
to its prevalence in old C58 mice that develop paralysis (56,59,60). 
Young C58 and AKR mice develop lesions in the gray matter 
exclusively, manifested as either poliomyelitis or spongioform 
poliomyelopathy (57). These nonparalytic, asymptomatic neu
rological effects of LDV infection suggest that LDV may gener
ally gain access to the CNS of mice but can result in extensive 
motor neuron infection and paralysis only under certain condi
tions. As pointed out already, the immune system of young C58 
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mice may recover quickly enough after a single immunosup
pressive treatment to arrest the spread of the LDV infection in 
the spinal cord before paralysis can develop. 

Obvious cytopathic changes in neurons in the anterior horn 
of the spinal cord and an influx of mononuclear cells into the 
same region are apparent in LDV-infected, paralyzed C58 and 
AKR mice. Rigorous examination of the spinal cords of para
lyzed mice revealed that the pathology of anterior hom motor 
neurons (61) resembles that produced by other viral infections 
of the CNS. Ultrastructurally, the anterior hom motor neurons 
of paralyzed mice demonstrate proliferation of perinuclear 
endocytoplasmic reticula and axonal vacuolation. In addition, 
vacuolation of the neuropil was observed, which may be caused 
by neuronal drop-out and/ or focal ischemia secondary to the 
acute inflammatory response (61). The vacuolar appearance of 
the anterior horn neurons in paralyzed C58 mice is most likely a 
proliferation of cytoplasmic membranes. 

LDV infections as well as CNS infections by other viruses 
and unconventional agents infections of the CNS (e.g., neuro
tropic murine retroviruses [refs. 62,63, and see chapters by 
Jolicoeur and by Wong and Yuen in this volume]; and kuru [ref. 
64, and see chapters by Prusiner and by Gajdusek, this volume]) 
result in spongiform myelopathy and vacuolation of neurons. 
Vacuolation of neurons may, therefore, represent a consequence 
of many types of insults to these cells, rather than the pathology 
of a specific agent. Moreover, vacuolation can be induced by loss 
of membrane integrity in giant axons of squid which occurs in 
the absence of new protein synthesis and correlates with changes 
in internal divalent cation concentrations (65). Vacuolar changes 
can be detected in neurological diseases over a wide range of 
species, from invertebrates (65,66) to humans (67). 

The histopathology of ADPM is typical of viral infections 
of the CNS, and the accumulation of high concentrations of 
infectious LDV in the spinal cords of paralyzed mice is consis
tent with productive LDV infections occurring in this tissue 
(57,68,69). As discussed below, other studies have directly dem
onstrated the infection of anterior hom motor neurons by LDV 
(58,59). 
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3.4. illV Replication in Cells of CNS 

3.4.1. Infection of Motor Neurons 

Immunocytochemical staining of tissue sections in combi
nation with in situ hybridization allowed an unequivocal iden
tification of LDV RNA and antigen-positive motor neurons in 
the anterior horns of paralyzed C58 mice (59). LDV RNA, anti
gens, and assembled virions have also been observed in a small 
number of anterior hom motor neurons in spinal cords of young 
C58 mice without paralysis (58). These studies demonstrated the 
permissive nature of motor neurons of C58 mice to LDV infec
tion, thus extending the host cell range for LDV in C58 mice to 
include two cell types: a sub population of macrophages and 
motor neurons. 

In transverse sections of spinal cords from C58 mice with 
paralysis in a single hindleg, many foci of LDV-RNA-positive 
neurons were detected in one of the anterior horns, although 
few, if any, scattered foci were present in the other anterior hom 
or other regions of spinal-cord and brain-tissue sections 
(9,56,59,60). This correlation between the unilateral distribution 
of LDV-infected neurons and asymmetrical paralysis was con
sistently observed. Moreover, in longitudinal sections of alde
hyde-fixed spinal cords from mice demonstrating only hindleg 
paralysis, motor neurons containing LDV RNA were always 
located in the lumbar region, and a significant number of LDV
positive neurons were not found in any other region of the spi
nal cord (59). In mice that had not developed paralytic disease 
by 7 wk pi, no LDV RNA-containing neurons were detected. 
Howeve~ other types of cells containing LDV RNA were present. 
These cells were small, nonneuronal cells present in both the 
white matter and the gray matter (see below), and infections of 
these cells by LDV did not appear to correlate with paralysis 

In a study by Contag and coworkers (59), LDV-positive neu
rons were confined to affected anterior horns of the spinal cord 
and their appearance correlated to the development of paralytic 
disease. The colocalization of the histopathology and of LDV
infected neurons and the coincidence of these observations with 
the onset of paralytic symptoms in old, cyclophosphamide-
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treated mice are convincing evidence that LDV infection of 
motor neurons directly results in ADPM. Since LDV infections 
of macrophages are lytic and LDV infection of motor neurons 
seems to precede cell death, it is likely that LDV replication 
in motor neurons is cytocidal. It would also appear, therefore, 
that paralysis results primarily or solely from the cytocidal rep
lication of LDV in motor neurons, and to invoke additional or 
alternative pathogenic mechanisms is, at present, not warranted 
by the data. The genotypic predisposition, as well as age and 
immunosuppression, must act by modulation of the accessibil
ity and permissiveness of motor neurons to LDV infection. 

3.4.2. Infection of Nonneuronal Cells 

The presence of LDV RNA in small, nonneuronal cells in 
the spinal cord does not correlate with paralytic symptoms and 
is observed in mice that do not progress to paralysis (58,59,70). 
These nonneuronal cells were detected in mice that were pro
tected from ADPM by passive transfer of anti-LDV antibodies 
(70; see Section 5.1.), in young, nonparalyzed C58 mice (58), and 
in old C58 mice that did not become paralyzed (59). It seems 
likely, therefore, that it is not simply the spread of LDV to the 
CNS that determines whether progressive motor neuron destruc
tion and paralysis develop. Rather, host functions, such as the 
expression of endogenous retrovirus in motor neurons and 
antiLDV immune responses, likely play the determinant roles. 

LDV-infected nonneuronal cells are detectable in the spinal 
cords of C58 mice within 1 d pi and are found consistently in the 
eNS thereafter (56,60), but the identity of these cells has not been 
ascertained. The nonneuronal cells, which are observed in both 
the white and gray matter of the spinal cord, may represent ini
tial foci of infected resident cells, perhaps microglial cells, which 
potentially could serve as a reservoir of LDV for subsequent 
infection of motor neurons, or they may be LDV-infected macro
phages that became infected outside the CNS and have carried 
the virus into the spinal cord. Infected macrophages have been 
shown to disseminate other viruses to the CNS, such as visna 
virus (71). Other modes of spread of LDV into the CNS may 
be involved, for example, retrograde axonal transport as po stu-
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lated for reovirus and other neurotropic viruses (72,73). This 
mode of spread could explain the initial appearance of LDV
infected cells in the lumbar region of the spinal cord after 
intraperitoneal injection. 

3.5. Spatial and Temporal Replication 
of LDV in the CNS: Progressive Nature 
of Spinal-Cord Infection 

The spatial and temporal correlations between the devel
opment of paralytic symptoms in LDV-infected C58 mice and 
the localization of LDV RNA in anterior hom motor neurons 
suggest a causal relationship between LDV replication in motor 
neurons and ADPM (59). The course of the neurological disease 
in mice inoculated intraperitoneally usually begins with paraly
sis of the hindlegs and progressively involves the forelimbs. 
Death ensues, usually within 3 d after the onset of paralysis. 

When LDV RNA levels in the CNS were monitored over 
time by Northern blot hybridization, LDV RNA was detectable 
at 5 d pi and increased progressively until peak LDV RNA lev
els were attained at the time of paralysis (9,56). The time-course 
of LDV RNA accumulation in the spinal cord is obviously 
delayed in comparison to that observed in the macrophage sub
population outside the CNS (9). In the periphery, all the permis
sive cells seem to become infected within the first day pi, which 
is followed by a sharp decline in the number of infected cells, 
detectable viral RNA, and viremia (9,23,33,34; Section 2.3.). There 
appear to be fundamental differences between the progression 
of an LDV infection in the periphery and that observed in the 
spinal cord. 

In studies designed to assess the number of LDV-infected 
cells in the spinal cord over the course of the disease, LDV infec
tions in the spinal cord appeared to occur initially in small foci 
(56). This focal distribution of LDV RNA-positive motor neu
rons is detectable by in situ hybridization at 5 d pi, at which time 
the foci are small. Larger foci and larger numbers of infected 
cells are detected at 12 d pi. Increasing size of the foci of LDV
infected cells gives the appearance that the initial sites of infec
tion in the spinal cord expand, but that new foci are not readily 
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initiated (9,56). Moreover, LDV-infected motor neurons are 
present at the perimeter of the foci, whereas LDV RNA-contain
ing motor neurons, as well as neuronal cells per se, are absent 
from the center of the foci as well as the most affected areas of 
the spinal cord. This loss of neuronal cells is associated with an 
influx of inflammatory cells (56). 

In mice that have obvious frank paralysis in both hindlimbs, 
only few, if any, motor neurons, either LDV-infected or not, 
can be detected in the anterior horns of the lumbar spinal cord 
(56,60). In these studies, the areas depleted of neurons also con
tained large numbers of inflammatory cells. In contrast, ante
rior horns nearer to the thoracic regions of the same animals 
contained greater apparent numbers of motor neurons, and LDV
infected motor neurons and inflammatory cells were 
detected in the areas adjacent to the neuron-depleted regions. 
The cervical spinal cord appeared normal. Thus, a gradation of 
motor neuron depletion correlated with inflammation and the 
location of LDV-infected neurons. This is also consistent with 
cytocidal infection of motor neurons. Therefore, LDV infection 
of motor neurons, inflammation, and neuron loss mirror the state 
of paralysis of an animal with ADPM. Exceptions to this corre
lation are that extremely old C58 mice, greater than 18 mo of age 
(57), or mice treated with anti-inflammatory drugs (69) can 
become paralyzed without extensive inflammation of the spi
nal cord. 

Slow transmission of LDV within the spinal cord, or other 
factors, may account for the slow accumulation of LDV RNA
positive cells in the spinal cord, in contrast to the very rapid accu
mulation in the spleen (9,34,56; Section 2.3.). In all tissues other 
than those of the CNS, the circulatory system can efficiently trans
fer LDV from the initial sites of infection to the permissive mac
rophages elsewhere in the animal. In the spinal cord, however, 
this is not the case. The anterior horn motor neurons are not 
mobile and there is minimal contact among these neurons. In 
addition, the blood-brain barrier most likely prevents the flow 
of free LDV both into the CNS and within the CNS. Therefore, 
the transmission of LDV between permissive neurons must 
occur within the limited spaces in the neuropil or by cell-to-cell 
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transmission at the neuronal contacts. Transmission through the 
neuropil would be limited to diffusion of free virus or move
ment of infected macrophages. All of these modes of transmis
sion are slow relative to that observed in the periphery (72,74). 

4. Involvement 
of an Endogenous Retrovirus in ADPM 

4.1. Genetic Predisposition to ADPM 

As revealed by breeding studies, the susceptible genotype 
for LDV-induced ADPM is determined by the presence of mul
tiple proviral copies of N-tropic, ecotropic, endogenous, C-type 
MLVand by homozygosity of the N-tropic, permissive allele at 
the locus, which regulates the replication of ecotropic MLV 
(Fv-ln/n; 8,55, see addendum). Susceptibility to LDV-induced 
poliomyelitis is not controlled by any locus in the major 
histocompatability complex (MHC), and multiple copies of eco
tropic proviruses and the Fv-ln/n genotype are the only two 
genetic components that segregate with susceptibility to ADPM 
(55). This susceptible genotype is found in AKR and C58 strains 
of mice, and most of the data pertaining to LDV infections of 
the CNS have been obtained in mice of these two suscep
tible strains. Ecotropic viral replication and control by the Fv-l 
gene products are also involved in the development of leuke
mia in these animals (75-77). The T-cell lymphomas that inevi
tably develop in these highly leukemic strains of mice do not 
appear to comprise a primary determinant of the susceptibil
ity to ADPMi rather, it appears that the interneuronal interac
tion between the two generally nonpathogenic viruses, LDVand 
endogenous ecotropic MLV, leads to paralytic disease. 

Endogenous MLVs are divided into four groups based on 
their cell tropism (75,78,79). Ecotropic viruses infect only mouse 
cells, polytropic viruses and modified polytropic viruses infect 
both mouse and nonmouse mammalian cells, and xenotropic 
viruses infect only nonmouse cells (e .g., mink cells). The cell tro
pism is determined by the gp70 envelope glycoprotein, which is 
encoded by the env gene (75). The production of infectious xeno
tropic and polytropic virus particles is dependent on the repli-
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cation of and recombination with the ecotropic virus particles 
(75). In mice that carry xenotropic and polytropic, but not 
ecotropic, proviruses, MLVs of any group can rarely, if ever, be 
detected in plasma or tissues (75), even though some of the 
xenotropic viruses are replication-competent (79). Despite the 
data implicating ecotropic proviruses as the predisposing ge
netic factors for ADPM susceptibility, the dependence of xeno
tropic and polytropic MLV replication on ecotropic viral 
replication suggests that any group or combination of groups of 
these viruses, not just ecotropic proviruses, could be involved in 
the susceptibility to ADPM. However, in studies using group
specific oligonucleotide probes, it was clear that changes in 
expression of MLV s with ecotropic envelope determinants were 
primarily, if not exclusively, detected in spinal cords of suscep
tible mice (60; see below). 

The proviral loci for the ecotropic, as well as polytropic and 
xenotropic, viruses have been quantified in various inbred mouse 
strains (75,76,79; reviewed in ref. 77). In all inbred mouse strains 
analyzed (79,80) there are multiple copies of xenotropic viruses 
(5-16 proviruses), polytropic viruses (14-22 proviruses), and 
modified polytropic viruses (5-16 proviruses). The latter group 
will be considered in the polytropic group in this chapter, since 
the polytropic probe used to analyze retroviral RNA levels 
(9,56,60) is homologous to the modified polytropic viruses. C58/ 
M and AKR/J mice carry six and four copies of ecotropic provi
ruses in germline cells, respectively (Anderson and Plagemann, 
unpublished data), but most strains of mice carry only one or no 
ecotropic provirus (75,76). Since MLV proviruses are mobile 
genetic elements (81), there is some variation in the number and 
location of ecotropic proviruses carried by AKR and C58 mice 
bred in different colonies, as a result of new germline integra
tions (75,81,82). It is unclear at present whether ADPM suscepti
bility is linked to the presence of specific ecotropic proviruses or 
several ecotropic loci and their expression (see addendum). 

The Fv-1 locus encodes a protein that regulates retroviral 
replication by interfering with either B-tropic or N-tropic 
retrovirus replication (75,83). The b allele at the Fv-110cus inter
feres with the replication of N-tropic retroviruses, and the n 
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allele interferes with the replication of B-tropic retroviruses. 
Hence neither group of viruses, N-tropic or B-tropic, can repli
cate in heterozygous mice (Fv-l nib). The mechanism of action of 
the proteins encoded at the Fv-l locus is not understood, but 
they are thought to inhibit a step( s) in retroviral replication some
where between virus entry and synthesis of viral RNA, most 
likely involved in the formation of viral double-stranded DNA, 
by interacting with the p30 gag protein of the infecting MLV 
(78,84,85). Unlike the Fv-4 locus, which also restricts retroviral 
replication, Fv-l does not encode retrovirus-like env sequences 
or act by a mechanism resembling superinfection interference 
(86). The early recognition of n/n homozygosity and presence 
of N-tropic, ecotropic retroviruses as prerequisites for suscepti
bility of mice to ADPM (8,55) suggested that the replication of 
retroviruses is necessary and may be directly linked to the 
development of LDV-induced ADPM. 

4.2. Expression of Endogenous MLV in the CNS: 
Correlation to Susceptibility to LDV Infection 

To determine which type(s) of provirus may contribute to 
susceptibility to APDM, oligonucleotide probes specific for 
ecotropic, polytropic, and xenotropic MLVs were used to ana
lyze MLV RNA levels in various tissues of susceptible C58 mice 
(9,56,60). AKR-623 is the prototypic infectious ecotropic pro
viral clone (82,87), and probes were designed based on this 
sequence in comparison to polytropic and xenotropic viral 
sequences (60,88). The probes were hybridized to Northern 
blots of total RNA extracted from various tissues removed from 
C58 mice of different ages, and the cell distribution of the MLV 
RNAs was assessed by in situ hyblidization using full length 
AKR-623 proviral DNA as the hybridization probe (56,60). The 
Northern blot hybridization data indicated that the susceptibil
ity of motor neurons of C58 mice to LDV infection correlates to 
the appearance of high levels of ecotropic MLV RNA in the spi
nal cord. The in situ hybridizations indicated that retroviral RNA 
was located primarily in the motor neurons of the anterior horns. 
In addition, the ecotropic MLV RNA levels appear to increase 
with increases in age and after cyclophosphamide treatment. In 
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these experiments (56,60), elevated MLV RNA levels were 
detected in neurons throughout the spinal cord, including 
the anterior horns, the regions in which neurons become infected 
with LDV. In contrast, little or no ecotropic MLV RNA has been 
detected in brain tissue of AKR mice (88) or C58 mice of any age 
(60), and no LDV-infected cells have been detected by in situ 
hybridization in the brains of LDV-infected, paralyzed mice (59). 
Polytropic MLV RNA levels in the spinal cord were lower than 
those observed in lymphoid tissues, spleen, and thymus, and 
did not increase with age or immunosuppression of the mice. 
No xenotropic MLV RNA was detectable in the spinal cords 
and brains of C58 mice (60). 

The effects of cyclophosphamide treatment and aging on 
ecotropic proviral expression appear variable among mice 
from related colonies (70; Palmer, Anderson, and Plagemann, 
unpublished results). In groups of mice that had high levels 
of ecotropic MLV RNA, changes in expression were not ob
served following cyclophosphamide treatment (Anderson, 
Palmer, and Plagemann, unpublished results; see addendum). 
In addition, as discussed already, both immunosuppressive 
treatments greatly affect the anti-LDV immune response, another 
determinant of the susceptibility of these mice to ADPM (see Sec
tions 3.2., 5.1., and 5.2.). Thus, further work is required to dissect 
the relative contributions of MLV expression in motor neurons, 
and of inhibition of anti-LDV antibody responses in rendering 
these mice susceptible to ADPM (see Fig. 1). Regardless, there 
seems little question that the expression of ecotropic MLV in 
anterior horn neurons is causally related to the susceptibility of 
these cells to cytocidal infection by LDV. The nature of this rela
tionship is unclear, but must be specific to neurons, since many 
other types of cells in tissues of C58 and AKR mice contain 
ecotropic MLV RNA (9,88), but apparently do not become in
fected by LDV. In cultures of macrophages from C58 mice, LDV
permissive cells and cells expressing MLV gp70 represent distinct 
but overlapping populations (Chan, Contag, and Plagemann, 
unpublished data; see addendum). 

The primary ecotropic transcript that is detectable in the 
spinal cords of C58 mice is about 3.0 -kb in length, although the 
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8.2 kb full length transcript is also present (56,60). The 3.0 kb 
transcript is most likely the spliced message encoding gp70 and 
p 15E, because similar patterns of hybridization are observed with 
probes to the 5' end of the env gene (gp70) as well as to the 3' end 
(pI5E; Contag and Plagemann, unpublished results). During 
replication of MLVs, the ratio of spliced mRNA to full-length 
transcripts is about 4:1 (78,89), a similar ratio of spliced to 
unspliced RNA is observed for ecotropic viral RNA in the spi
nal cords of old C58 mice (56,60). The proviral locus or loci in 
C58 mice that appear to be affected by age and cyclophospha
mide treatment have not been characterized (see addendum), and, 
therefore, other possible origins of the 3.0-kb RNA in spinal cords 
of C58 mice have not been excluded. A truncated provirus of 
approx 3.0-kb in length could also give rise to a 3.0-kb message 
that hybridizes to probes to both ends of env (see addendum). 

Whether or not retroviral proteins are translated is an 
important point in relation to the mechanism of interaction of 
MLV and LDV in causing motor neuron destruction. Both gp70 
and p15E levels in motor neurons have been shown to increase 
with the age of AKR mice (Portis, personal communication), and 
it seems likely that this finding also pertains to C58 mice. Immu
nohistochemical staining with a gp70-specific monoclonal anti
body detected increases in gp70 in spinal-cord tissue from 
9-mo-old C58 mice after cyclophosphamide treatment (Contag, 
Portis, and Plagemann, unpublished results). Both gp70 and p 15E 
are membrane proteins, which perhaps could serve as alter
na te receptors for LDV. 

Alternate possibilities are that a neuronal protein expressed 
as a result of MLV expression provides the necessary functions 
for LDV infection, or that infection of motor neurons by a recom
binant MLV generated in the peripheral tissues otherwise medi
ates susceptibility of the motor neurons to LDV infection. 
Electron-microscopic examination of sections of spinal cords 
removed at the time of peak retroviral RNA expression have 
not revealed any retroviral particles. Moreover, attempts to iso
late infectious MLV from the spinal cords of 6-mo-old C58 mice 
have been unsuccessful, despite successful isolation of retro
viruses from spleen tissues of these C58 mice (Palmer and 
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Plagemann, unpublished results). These observations suggest 
that typical retroviral replication and assembly may not be 
occurring in motor neurons, regardless of whether the source of 
retroviral RNA is endogenous MLV expression, or replication 
of MLVs from other tissues. Retroviral replication may be non
productive in motor neurons (see addendum). 

5. Immunological Motor Neuron Protection 

5.1. Antibody-Mediated Protection from ADPM 

Old, cyclophosphamide-treated C58 mice can be protected 
from LDV-induced paralysis by passive transfer of either anti
LDV antibodies (6,70,90) or spleen cells from young mice (6,91,92; 
see Fig. 1) . Analyses of the time-course of LDV replication in anti
body-protected mice indicated that protection from CNS disease 
was achieved without interference with peripheral LDV repli
cation in macrophages (70,90). This finding is significant from 
both clinical and mechanistic perspectives, since it suggests that 
tissue-specific intervention in viral disease is a potential goal in 
vaccine strategy, particularly with respect to virus infections that 
result in CNS disease (70). 

The anti-LDV antibody-mediated passive protection of C58 
mice from ADPM has been investigated with respect to the stage 
at which the protection can be achieved as well as the specificity 
of the protective antibody. The protective anti-LDV antibodies, 
both monoclonal and polyclonal, exhibit specificity for the envel
ope glycoprotein of LDV (VP3). Howeve~ protective monoclonal 
antibodies raised to formalin-inactivated virus, which exhibit 
neutralizing activity in vitro (42), recognize an epitope that dif
fers from that (those) recognized by the protective polyclonal 
antibodies obtained from LDV-infected mice. Thus, there exist 
on VP3 at least two epitopes that can elicit protective antibodies 
(70). In contrast, passive immunization of ADPM-susceptible C58 
mice with nonneutralizing monoclonal antibodies raised to for
malin-inactivated LDV, which recognized two additional 
epitopes of LDV VP3, or with monoclonal antibodies to glutar
aldehyde-inactivated LDV afforded no protection (70,90). 
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Both monoclonal and polyclonal anti-LDV antibodies are 
protective when present before or at the time of infection (6,70,90). 
Analysis of LDV-replication in the spinal cords of protected mice 
by in situ hybridization indicated that, when present at the time 
of infection, the protective antibodies do not prevent infection 
of nonneuronal cells in the eNS, but specifically prevent LDV 
infection of target motor neurons. In contrast to the effective
ness of the passive transfer of protective anti-LDV antibodies at 
the time of LDV infection in preventing LDV infection of motor 
neurons and paralytic disease, administration of the neutraliz
ing monoclonal antibodies as a single dose as early as 12 h pi, 
and later, afforded little or no protection, although it delayed 
the onset of paralysis (70). Repeated administrations of the pro
tective monoclonal antibodies beginning 2 d pi, on the other 
hand, were capable of completely preventing disease. These 
results suggest that after LDV enters the eNS, maintenance of 
high antibody titers by repeated antibody administration is 
required to exert a significant protective effect, and that these 
high titers must be maintained until host-protective antibodies 
arise. The notion that after termination of passive transfer of pro
tective antibodies, protection is maintained by a natural immune 
response in the LDV-infected animals is supported by two lines 
of evidence. First, protective antibodies can be detected in most 
LDV-infected mice by approx 16 d pi (70), approximating the 
time of the last required passive transfer of protective antibod
ies. Second, an additional injection of cyclophosphamide at 5 d 
pi overcame the protective capacity of multiple administrations 
of the protective monoclonal antibodies (70). The protective-anti
body studies seem to define two distinct stages in the pathogen
esis of LDV, which are sensitive to interference by treatment with 
anti-LDV antibodies: an early event related to an initial neuro
nal infection and a later event presumably related to the spread 
of the LDV infection within the eNS (Fig. 1). 

As already discussed, the mechanism of the initial infec
tion of motor neuron has not been resolved, but probably 
involves axonal transport of LDV through the peripheral ner
vous system or entry of the virus into the eNS via the hematog-
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enous route, or both (Fig. 1). Experiments from several different 
laboratories have implicated other host factors that may playa 
role in modulating LDV infections of the CNS. In dose-response 
experiments conducted by Murphy and coworkers (6), and Harty 
and coworkers (90), immunosuppressed 6-mo-old C58 mice were 
inoculated with varying doses of LDV, ranging from 102 to 108 

IDsol mouse. Similar peak LDV plasma titers of about 1010 IDsol 
mL of plasma were detected at 24 h pi, regardless of the size of 
the viral inoculum (90), but the incidence of ADPM increased 
with increase in the LDV inoculum size; maximum incidence of 
disease required a dose of atleast 106 IDso /mouse (6) or I04IDsoi 
mouse (90). 

These results, in combination with the finding that admin
istration of protective anti-LDV monoclonal antibodies at the 
time of LDV infection, but not 12 h pi, prevents the develop
ment of ADPM in immunosuppressed, 6- to 7 -mo-old C58 mice, 
indicate that the initial infection of motor neurons in the spinal 
cord is very inefficient but must occur very early after LDV 
infection of a mouse. The observations, by in situ hybridization, 
that LDV-infected cells are detected shortly after LDV infection 
(56) are in agreement with this hypothesis. Initiation of CNS dis
ease appears to require high doses of LDV inoculum; following 
infection with low doses of LDV, CNS infections seem to be 
blocked very rapidly, perhaps by interferon or other monokines 
produced by LDV-infected macrophages. These requirements, 
however, do not seem to be absolute, since a few C58 mice that 
were infected with LDV at a young age and did not succumb to 
leukemia, developed paralytic disease when they reached 15-18 mo 
of age (6,7). This is an important finding in relation to ADPM as 
a potential model for human motor neuron diseases. The results 
indicate either that motor neuron infection occurs in young mice 
and then progresses only very slowly over most of the life-span 
of the animal, or that motor neuron infection becomes estab
lished in persistently infected mice when they reach old age. 
Perhaps the latter is determined by increased expression of 
ecotropic MLV in motor neurons or by waning of anti-LDV 
immune responses in the old mice, or by a combination of these 
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effects. Further work is required to confirm these results and to 
distinguish between the potential mechanisms involved. 

The results from the anti-LDV antibody-protection experi
ments are also important in relation to the mechanism by which 
ecotropic MLV expression renders motor neurons susceptible 
to LDV infection. Indirectly the data suggest the presence of 
surface components on neurons of C58 mice that function as 
receptors for LDV infection; such receptors appear not to be the 
same as those recognized on macrophages, since anti-LDV anti
bodies can protect motor neurons from LDV infection without 
affecting LDV infection of macrophages or nonneuronal cells in 
the spinal cord (70,90). This finding suggests, therefore, that pro
tective antibodies function by a cell-type-specific (neuron-speci
fic) neutralization of LDV infectivity, perhaps at the level of a 
surrogate LDV receptor on motor neurons induced by MLV 
expression. 

Of interest in this respect is also the finding that the various 
isolates of LDV differ in neurovirulence (6,93). Moreover, re
peated passage of an LDV isolate through C58 mice enhances 
its neurovirulence for these mice. In contrast, passage of a neuro
virulent isolate through nonsusceptible mice results in loss of 
neurovirulence (6; Plagemann, unpublished data). Tl RNA finger
printing analyses (94,95) and sequence analysis of the 3' end of 
genomic RNA have revealed considerable nucleotide differences 
among various LDV isolates (17,19); in addition, some of the LDV 
isolates also differ antigenically (96). 

5.2. Involvement of T-Cell Functions in ADPM 

Passive transfer of spleen cells from uninfected young C58 
mice into either immunosuppressed 6-mo-old or naturally sus
ceptible ll-mo-old C58 mice protects the mice from ADPM 
induced by LDV infection (6,54,91,92,97). The nature and func
tion of these protective spleen cells has not been entirely eluci
dated. They have been reported to be lymphocytes that express 
both Lyt-l and Lyt-2 antigens (92). These findings suggest that 
the protective function of a T-cell population is lost with increas
ing age. Moreover, the finding that Lyt-2+ (CD8+), but not Lyt-
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1 +, T cells from 3-d LDV-infected young C58 mice were also pro
tective, when passively transferred to old susceptible C58 mice, 
indicates that the protective T cells that are lost with increasing 
age are CD8+ cells. CD8+ cells are known to have low surface 
expression of Lyt-l antigen, and can function either as cytotoxic 
T cells (IC) or suppressor T cells. The results seem to rule out helper 
T cells as the protective T-cell population. This conclusion is fur
ther supported by the finding that the ability of old C58 mice 
to produce antibodies to sheep red cells (7,68) or to LDV 
(Plagemann and coworkers, unpublished data) is undiminished. 

The CD8+ lymphocytes that mediate protection could be 
LDV-specific TC cells that specifically lyse LDV-infected motor 
neurons and thereby prevent the spread of LDV infection 
between motor neurons. However, TC cells lyse target cells only 
in context of MHC class I surface antigens (98), and the expres
sion of class I antigens on neurons is known to be very low, which 
presumably makes them relatively resistant to TC-cell attack (99). 
It is possible, therefore, that LDV replication in motor neurons 
is suppressed by TC cells in an indirect manner, mediated per
haps by y interferon, as has been postulated for the clearance of 
lymphocytic choriomeningitis virus from the CNS (99,100). 

5.3. Potential Immunopathogenic Mechanisms 
forADPM 

Although autoantibodies to CNS antigens develop in para
lyzed C58 mice (51), the immune response to self-antigens in 
LDV-infected C58 mice is not correlated to any pathology and 
there is no reason, at present, to implicate autoimmunity in the 
mechanism of pathogenesis of LDV-induced ADPM. The auto
immune response detected in C58 mice (51) occurs late in infec
tion when inflammatory cells are present in the spinal cord. The 
antibrain antibodies observed in LDV infections of C58 mice arise 
most likely as a result of the destruction of motor neurons by 
LDV infection and the subsequent inflammatory infiltration. 
Neuronal death would release antigens, to which the mice have 
not been made tolerant, in the presence of severe inflammation 
and a polyclonal B-cell activation. Hence, rather than a causative 
factor in ADPM, the autoantibodies are likely a consequence and 
indicator of nervous-system destruction. 
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6. Summary and Conclusions 

6.1. Novel Mechanism of Pathogenesis 

The study of LDV-induced ADPM has extended our knowl
edge of the pathogenesis of a neurological disease with a com
plexity that may approximate that observed in human eNS 
diseases. The involvement of genetic, immunological, viral, and 
environmental factors in the onset of ADPM may make this dis
ease a model on which to base studies of human neurological 
diseases. The factors that predispose mice to ADPM are interre
lated, and current studies are designed to delineate the contri
butions of each factor in the pathogenesis. Three factors that are 
required for the development of ADPM in mice have been 
defined (see Fig. 1): 

1. Expression of ecotropic MLV in anterior hom motor neurons, 
rendering these cells susceptible to LDV infection. Expression of 
the ecotropic MLV increases specifically in motor neurons with 
age and may be enhanced by X-irradiation and cyclophospha
mide treatment. 

2. Progressive cytocidal LDV infection of the susceptible motor 
neurons, eventually resulting in paralytic disease once sufficient 
motor neurons have been destroyed. 

3. Suppression of the host immune response to LDV, associated 
with old age or as a result of artificial immunosuppressive treat
ments. The anti-LDV immune response specifically protects 
motor neurons from LDV infection without affecting LDV repli
cation in macrophages, the primary host cells for LDV. 

6.2. ADPM as a Model 
for Human Neurological Diseases 

ADPM resembles several human neurological diseases in 
that the onset of LDV-induced poliomyelitis requires the pres
ence of several host and environmental factors (6,8). Symptoms 
of human neurological diseases, such as multiple sclerosis (MS), 
amyotrophic lateral sclerosis (ALS), and Alzheimer's disease 
(AD), occur at predictable ages and therefore involve an as-yet
undescribed age-related factor(s) (101,102). Both MS and ALS 
appear to involve immunological dysfunctions that are either 
an age-related factor or another predisposing component. Envi-
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ronmental factors, including chemicals (aluminum, pesticides), 
viruses (measles virus, retroviruses), or unconventional agents 
(67), have been implicated for each of these diseases. In addi
tion, familial or racial groupings imply a heritable genetic fac
tor(s) for the onset of these human neurological diseases (AD 
genetics reviewed in ref. 103). Furthermore, the human genome 
contains numerous retroviral sequences, including some related 
to mouse C-type viruses (78,104,105). Some of these proviruses 
seem to become expressed, probably in a tissue-specific manner 
(106), and could playa role in various diseases. The complex 
etiologies suggested for the above human diseases are well 
modeled by ADPM. 

7. Addendum 

7.1. Ecotropic Retroviruses 
and Predisposition to ADPM 

7.1.1. Proviral Loci Linked to ADPM 
The initial studies addressing the genetic basis of predispo

sition to ADPM suggested that multiple copies of endogenous 
ecotropic, C-type MLV and Fv-In/n, were the required genetic 
components for susceptibility to neuropathogenic infections by 
LDV (8). For example, AKR/Boy, C58/M, and PL/J strains have 
between three and six germline integrations of ecotropic provi
ruses (75-77; and Anderson and Plagemann, unpublished data), 
are Fv-In/n, and are all susceptible to ADPM (6-9). In contrast, 
C3H/HeJ, DBA/21, and C57BL/6Fv-lIBoymice do not become 
paralyzed following x-irradiation and infection by LDV (8); each 
of these strains contains a single ecotropic provirus, emv-l, emv-
3 (also referred to as AKV-3), or emv-2, respectively (75-77), and 
are n/ n at the Fv-lnn I locus. The proviruses emv-I and emv-2 are 
defective and little infectious MLV can be found in mice carry
ing either of these two loci, but in FI hybrids, of these animals, 
infectious MLV production is greatly enhanced (75). Replication 
competent proviruses, in these hybrid animals, are likely gener
ated by recombination between the two defective genomes (75). 
The defect in emv-2 has been mapped to a single base substitu-
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tion in codon 3 of p15gag (107,108). Rather than a requirement of 
multiple proviral copies of MLV for the development of ADPM, 
it seems likely that susceptibility may simply require a single 
replication competent ecotropic MLV provirus, or possibly the 
ability to generate a replication competent virus through recom
bination. The early observation that multiple copies of ecotropic 
MLV were linked to predisposition to ADPM may have been 
owing to the greater likelihood of possessing or generating a 
replication competent MLV when multiple proviral copies, rather 
than a single defective copy, are present in the murine genome. 

In recent studies, Anderson and Plagemann have attempted 
to delineate the minimal retroviral component for predisposi
tion to ADPM, and have demonstrated that strains of mice with 
a single copy of a replication competent ecotropic provirus were 
susceptible to ADPM (unpublished results). Inbred mouse strains 
that each carry only a single copy of a ecotropic provirus from 
AKR mice were generated by crossing AKR/J mice with DBA/ 
2J mice (strains AKxDi 109). In the study by Anderson and 
Plagemann, none of three 7-mo-old AkxD mice (strain 28) car
rying only a single defective ecotropic provirus emv-13 devel
oped ADPM after multiple cyclophosphamide injections and 
LDV infection. However, AkxD mice (strain 16) carrying a single 
non-defective ecotropic provirus, emv-ll (also referred to as AKV-
1) of AKR mice, developed paralytic disease under identical con
ditions. The levels of expression of MLV RNA in motor neurons 
have not been analyzed in any of the AkxD mouse strains. The 
conclusion from the experiment by Anderson and Plagemann, 
is that a single replication competent ecotropic provirus (in this 
case emv-11) is the necessary and sufficient proviral determinant 
of neuropathogenic infections by LDY. The emv-ll locus is the 
only ecotropic provirus shared between 17 substrains of AKR 
mice and the original AKR strain (8), however, the ecotropic pro
viruses of C58 and PLfJ mice (strains also susceptible to ADPM) 
appear to be different from those in the AKR mice (10; Ander
son and Plagemann, unpublished results). Therefore, it remains 
uncertain which other ecotropic proviral loci, in addition to emv-
11, can predispose motor neurons to LDV infection. 
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Currently, expression of retroviral genes in neurons is poorly 
understood. It has been observed with expression driven by the 
the human foamy virus LTR that there is variable expression in 
neurons of transgenic mice (110). In the study by Bothe et al. 
(110), the foamy virus LTR directed expression in neurons, from 
the same cell lineage, ranged from high levels to undetectable 
levels. The data in this report are suggestive of the involvement 
of variably expressed cellular factors for LTR directed expres
sion. The presence or absence of these cellular factors may be 
related to unique physiological conditions within individual 
neurons. Neurons expressing MLV RNA can be detected in spi
nal cords of C58 mice, that have not been treated with cyclo
phosphamide; the frequency of these MLV RNA-expressing 
neurons and the levels of MLV RNA may be variable (56,60). In 
cyclophosphamide treated C58 mice, the distribution of MLV 
RNA-positive cells is somewhat uniform and the MLV RNA lev
els, from cell to cell, appear to also be uniform in comparison 
with the neurons of untreated animals (56,60). The regulation of 
LTR expression in neurons may be affected by the alkylating 
metabolites of cyclophosphamide produced in the liver, and the 
physiological conditions affecting LTR driven expression may 
possibly be related to DNA damage and induction of the DNA 
repair system in these cells. 

Variable LTR driven expression may help to explain the 
apparently inconsistent results obtained when analyzing total 
MLV RNA levels, by Northern blot hybridization, in the spinal 
cords of C58 mice (see Section 4.2.). In recent experiments cyclo
phosphamide treatment did not increase the levels of MLV RNA 
in the spinal cords of 6-7-mo-old C58 mice (10), however, the 
levels of MLV RNA in the spinal cords of these animals (10) 
a ppeared to be somewhat elevated in comparison with untreated 
animals in previous studies (56,60). The steady state levels of 
MLV RNA in the spinal cords of untreated animals may be 
affected prior to cyclophosphamide treatment, and there may 
be a level at which additional manipulation (such as cyclophos
phamide treatment) cannot further increase already high levels. 
Cyclophosphamide treatment does, however, also act on the 
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immune system and decisively prevents the development of 
neuron-protective anti-LDV immune responses, thereby predis
posing mice to ADPM (see Section 5.1.). 

7.1.2. Infectious MLVand ADPM 
Initial attempts at isolating infectious MLV from the spinal 

cords of C58 were unsuccessful despite successful isolation from 
the spleens of the same animals (see Section 4.2.). The reason that 
infectious MLV could not be isolated from the spinal cords of 
these animals was uncertain, however, endogenous, ecotropic 
MLV replication in cells of the spinal cord was presumed to be 
nonproductive. To further confirm or refute this conclusion, an 
additional control study using the Cas-Br-E isolate of MLV was 
conducted. Cas-Br-E is an isolate of MLV that clearly replicates 
in the spinal cords of mice after a peripheral inoculation of new 
born animals (111,112; see chapters by Jolicoeur and by Wong 
and Yuen in this volume). Despite the apparent low level of rep
lication of Cas-Br-E in cells of the spinal cord (111,112), infec
tious virus could be isolated from spinal cord tissue of the 
Cas-Br-E infected mice (Palmer and Plagemann, unpublished 
results). It appears very likely that in C58 mice replication of 
endogenous, ecotropic MLV is productive in cells of the spleen 
and other peripheral tissues, but is nonproductive in cells of the 
spinal cord. This fundamental difference in the replication may 
account for the variable effects of endogenous MLV expression 
in the periphery compared to the CNS. If infectious MLV is not 
produced in motor neurons, then expression of a gene(s) of MLV 
may be sufficient for LDV infection of these cells; further delin
eation of the minimal retroviral components for predisposition 
to ADPM has not yet been performed. 
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